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Schools or govern'mental air pollution control agencies establishing tt^inip^j programs 
may receive sinj^le copies of this document, free of charge. frAm the. Air Pollution' 
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The An Pollution Traming Jnstititf (1) conducts training for personnel working on the develop 
■ mtn( and tmprowmeni of state, ami' local gav^rmnenlal, and EPA an pollution control programs, . 
£15 well for personnel in industry and acaderfuc (nstituttons; (2) provides consultation and other 
training assistance to governmental agencies, educational institutions, industrial organizatrons, and 
others engaged in air pollution teaming activities; and (3) promotes tha development and improve 
ment air pollution training programs ih educational institutions and state, regional, and local 
governmental an pollution control agencies Much of the program is now conducted by qji on site 
contractor, Northrop Services, Inc. - • ^ 

\ ^ ^ . { ■ 

One of (he principal mechanisvis utilize^ to meet the Institute's goals is the intensive short term 
technical training course. A full time professional staff is responsible for the design, development, 

from other EPA programs governmental agencies, indusiriesV^ami universities a re ^usedtoa ugmWm 
and reinforce the Institute staff tn (hcHeMopmeJXt and presentation of technical material. 

A • » . ■ 

Individual course objectives and desired learning outcomes qre- delineated to meet specific program 
needs through training^ Subject matter areas covered include an J^llutiim source studies, atmos- 
pheric dispersion, and air quality management. These courses ^UpfAtMed in the Institute's rest 
, dent classrooms and laboratories and at various field locations. ^ ^ 
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Chapter 1 

Introduction to Combustion Evaluation 
in Air Pollution Control 



AiJ iK)llution is caused by both natural and mechanic al sourc es. In urban areas, 
.whore ambient air polkition levels are highest, the majority of the; e'missiotvs.are 
from stationary and m(il>ile combustion sources. Kmissions incRide particulates and 
gaseous chemicals ^'hich damage both the public health and the general welfare. 

Combustion Evaluation in A tr Pollution Control presents the fundamental and 
applied aspects of state of-thc art combustion technology, which influence the con 
trol or air pbllutant emissions. Emphasis will be placed on controlling combustion 
in order to minimize emissions, rather than on the well known combustion gas ^ 
"cleaning techniques (wliich are adequaiel>\ presented elsewhere). 

To summarize^ the goals of Combustion Evaluation in Air Pollution Control are 
to provide engineers, technical and regulatory officials, and others with kinovyledge 
of the fundamental and applied aspects of combu&tion. as well as an overview of 
the state-of-the art of combustfRn technology as it relates to air pollution control 
work. • 

In order tol achieve these ^als. emphasis will be on calculations, as well as 
design and operational considerations for those combustion sources an(l control 
(Tevices which are frequently encountered, incljpding: 

a. Combustion sources burning fossil fuel for the generation of steam or 
ditect heat; i ' 

b. Combustion sources burning liquid an*s6lid waste; and 

c. Pollution control devices which utilize combustion for the control of 
gaseous and aerosol poUutaA^s. 

Students will bVcome familiar with combustion principles as well as the more 
important design fnd operational parameters influencing air pollution emissi()ns 
from typical combustion sources. Further. Jthey will be able to perform selected 
fundamental calculations related to the quantities of emissions and the 
requirements for complete Combustion. Participants will understand some of the 
more important mechanises by which trace species are^formed in and emitted by 
stationary combustion processes. The students ^ill understand the ways in which 
certain design and operation variables may be set to minimise emissiohs. 

An individual assimilating the knowledge described above will have the ability to 
perform work with combustion-related pollution problems: evaluate actual and 
potential emissiohs from combustion sources; perform engineering inspections; and 
develop recommendations to improve the performance of malfunctioning combus- 
tion equipment \ * 

The detailed instr,uciional objectives, which are presented in Appendix 1-1. are 
discussed below. 



The basic factors affecting thd co^plcteiu'ss of fuel combustion (oxygen, tune. • 
temperature, and turbulence) are important concepts ^hi«h must be uit9ieistood in 
any evaluation of combustit)n. The tonsequenccs of poor combustion include (he- 
emission of smoke, particulates, carbon mono^Wc. and other unoxidized or 
partially oxidized hydrocarbon gases. 

Fundamental concepts must be considered in the analysis of combustion related 
air pollution problems, ^or example: the temperature of a fuel oiJ establishes its 
viscosity; viscosity (and other design variables) determines the atomized droplet size 
in an oil burner; droplet size influences evaporation rate, which in turn sets the 
time requirements for complete' combustion. Another important consideratiQp is 
tH<> formation of NOv, which may be reducecl by^ limiting the excess air in the 
cothbHstion zone. . . ' 

Combustion calculations will be derived from fundamental concepts of chemistry 
and thermodynamics. Many computational e^^amples will be presented, using 
algebraic, equations with tabulated property and standard factor values. Particular ^ 
emphasis will be on practical calculations which are typically required for /the 
review of combustion installations and to determine compliance with emission 
standards. 

Other important factcy-s used to reduce pollutant emissions are equipnrient design 
and operational characteristics. A physical understanding of these charatrtcristics • 
will be used to determine" the corrective action needed for malfunctioning combus 
tion equipment. Common stationary combustion sources will be described. These 
include (a) fuel combustion equipment for natural gas,Juel oil, coal, »and wood; 
(h) waste gas combustion equipment, including flares, catalytic incinerators, and 
direct -flame incinerators; and (c) solid waste combustion equipment designed to 
burn garbage, industrial waAe gas, municipal sewage sludge, and various potentially 
hazardous chemical waste materials! 

When these instructional objectives have been successfully accomplished, 
individuals will be (a) familiar with combustion principles, (b) able to perform 
calculations, (c) able to describe formation of air pollution from combustion 
sources, and (d) able to make reconvnendations for improving emissions from com 
bustion sources. * 
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Instructional Objectives 
For Combustion Evaluation in Air 
Pollution Control 



Subj^ci; , ' Imroduciion to Cambusiioii EYaiuaLioii in Air PoUuLioii . 
Control . 

Objective: • The student will be able to: * 

a. Identify 4hreei«major goals'ol Combustion Evaluation in Air 
Pollution Control; . . ( 

b. List' four of the subject areas which will be emphasized in the course 
(fundamentals of combustion, fuel prpperties, combustion system design, 
emission calculations, various combustiftn equipment topics, NOx 
control); ' ' . 

c:-^ Present two reasons fof^pptyrng the fundamental concepts of cbmbus- 

tion when solving combustion evaluation problems in air pollution 
control; 

d. List three of the important air pollutant emissions which may be limited 
by combustion (yntrol. 



Subject: Fundamentals of Combustion 

Obiective: The student will be able to: . 

a. Use the basic chemicatl equations for combustion reactions, with or 
without exce^ air, to calculate air requirements and amount 
conibustion products; . " 

b. Apply the ideal gas law to detVrmine volumetric relationships for typical 
' combustiqpjsituations; ' - ■ ' \ ' ^ 

c. Distinguish between different types of combu^on as characterized by 
carbonic theory (yellow flame) and hydroxylation theory (blue flame); 

d. Define heat of combustion, gross and net heating values, available heat, 
hypothetical available heat, sensible-heat, latent heat, and heat content; 

e. Determine the a\^ailabl^Vneat obtained from burning fuels at different 

_ flue gas exit (emj^eraturcs and with varioqs arriounts of excess air, using 
generalized correlations; 

f. List the chemical elements which combine with oxygen wheivfuels burn^. 

List the foUr^it^ms necessary for efficient c , » 

h. Describe qualitatively the interrelationships between time, temperatur^. 
turbulence, and oxygen required for proper combustion of a given fuel; 



i. Recite the conditions for equilibrium; t < ' 

j. Describe h'ow am excess quantity of one" reactani wiU^jffcti other concen 

trations at equilibrium; ■ * 

k. Cite the expression for the rate of reaction; " *' 
.k^ Identify ^he ArrheniuS equation as a moriel for the influence of 
/ temperature on combustion rate; . „ 4 

m. Define the activation energy;^ 
n. Describe the meclja/ism of. catalytic activity; and 
o. List the reasons forthe deterioration of catalytic activity. 



V. 



Subject: Fuel Properties 

Objectives: ^The student wrill be able to: ^ 

a. State the important chenifical properties which influence air poUmai^t 
emissions; ' ' | 

b. Use the tables in the student manual to find representative values fdr 
given fu^ properties; / 

d c Describe the difference in physical features which limit the rate of .com- 

bustiqin for gaseous, liquid, and solid fuels;' 
"'. d.' Explain the importance of fuel properties such as~ftSh*pOtiftf'Kttfrirpper 

and lower flammablHtyiimifs which relate to safe op^ratiori of 

combustion installations; ■ . g 

e. Use either specific or API gravity to deta-mine the total heat of combus- 
tion of a fuel oil; 

f. Describe the influence of variations in fuelt)il viscosity. on droplet forma- 
tion and on completfrness of combustion and emissions; 

g. List the important components in ^he proximate and ultimate analyses; 

h. Define "as Tired," "as received,^ ' moisture freehand "dry basis" as they 
apj^ly to*the chemical analysis of solid fuels; and 

i. Explain the sign^ic^ince of -ash fiisioi^ temperature and caking index in 
the burning of coal. 



4,J5ubje$:t; Gombustion System Design 

Objectives: The student should be abhf to: 



\ 



'1- 



a. Deisicribe tlje -relationship between energy utilizatia|)i, furnace heat 
' transfer, and excess air as means of furnace terttperature control; 

b. Understand the Jlimits which may be imposed by thermodynamic laws 
and how these limits dictate choice of energy-irecovery devit^es following 
the furnace; vand' V " , 

c. Calculate the energy rjequired from, fuel to meet an output energy ♦ 
requirement. - 



Siibjric Folliilioii Kiuission ('ah ulaiions • 

Objectivo: Vhc siudeiii should bv able lo: • 

a. Dosc ribr ibr naiUK* and origin of iiiosi ol iUc |>ublish(*d (Miiission la( U)rs 
and siaio wbat is nrc'<*ssary tor more* j)i(*c ij?r (\siii^iair.s ol (Minssions Iroin 

ta sprc ificy nslallation wilb sj)(*( iti(*d d(Vsij>n l(\uii!(\s; 

b. Apply the propcM inotho(rior using (MUission factors lo drtcrniiiK* 
(\stimatcs of cinissions from typical cc)nil)ustion sourc(\s; 

c. Define and distinguish between conccMUratiow standards and C^^j^), 
pollutant mass rate standards [PMR^), and process standards - 

d. Ust* average emission factors to (vsiimatc* the emissions from typic al 
combustion installations; 

e. Calculate the degree of contrc>l required for a given source to be ' 
brought into compliance with a given emission standard; 

f. Perform calculations using , the relationships betv^een anticipated SO2 
emissions and the sulfur content of liquid and solid fuels; 

g. Id^*ntify the proper equation for computing excess aii from an Orsat 
analysis of the flue gas of a combustion installation; 

h. State the reasons for expressing concentrations at standard conditions of 
temperature pressure, moisture content, and excess air; 

cvv> >^ kikHftH{y--aRd-Hse44^pR^p€^ to 
a standard basis, such as 50% excess air 12% CO2, and 6% O^; and 
j. Use F-fa^tor^to estimate emissions from a combustion source. 

* 

Subject: Combustion Control and nwewrfTentation 

Objective*: The. student will be able to: ; 

a. List the importaryt variables (steam pressure/ steam flow rate, gas 

' temperature) which may serve as the controlled variables used to actuate 
fuel/air controls for combustion systems; 

b. ^Describe the priniary purpose of a control system which is to maintain 

combustion efficiency and thermal states; 

c. Understand the interrelationships belween varying load (energy output) 
requirements and both fuel/ air flow and excess air; 

d. Identify instrument readings indicating improper combustion or energy 
transfer; and . ^ 

e. Describe the influence of excess air (indicated by O2 m stack gases) on 
the boiler efficiency, fuel rate, and economics of a particular boiler 
installation. * . 

Subject: Gaseous Fuel Burning ^ 

Objective: The student will be abl? to: 

a. Describe the functions of the ^as burner; 
f b. Defir^ pre-mix and its influei[ice on the type of flam^; 

c. List burner design features ahd hbw these affect the. limits of stable 

- flame operating region; 
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d. Name four different ty^^'s of gas burners and their s'jStvia! design 
|eatures; 

e; Cite typical gas furnace, breeching and stack operating temperatures, 
pressures, and gas How velocities; V \ 

f. Describe the relationship between flue gas analyses and air to fuel raiio; 

g. List the causes and describe the signs of malfunctioning gas-burhing 
' devices; and 

Descril^ techniques used to correct a malfunctioning gas burning 
device.* 

\ 8. Subject: Fuel Oil Burning 

Objective: The student will be able to: 

a. Describe the important design and emission xrharacteristics of oil burners 
-using air, steam, mechanical (pressure), and rotary-cup atomization; 

b. Describe the influence of temperature on oil viscosity and atomization; 

c. Describe how vanadium and sulfur content in fuel oil influence furnace 
corrosion and air pollution emissions; 

d. Describe burner nozzle maintenance and its influence on air pollutant ^ 
emissions from oil combustion installations; and 

e. Locate and use tabulated values Qf oil ftiel properties and pollutant fac- 
tors to compute uncontrolled emissions from oil-burning sources. * 

9. Subject: Goal Burning 
Objective: The studeht will be able to: 

• a. Describe the design characteristics and operating practice of coal burn- 
ing equipment, including overfeed, underfeed, and spreader smokers, as 

well as pulverized and cyclone furnaces; 

b. Discuss the parameters that influence the design of overfire and under 
fire air (in systems which burn coal bn grates) and for primary and / 

^ secondary air (in systems which burn coal in suspension); 

"v^ c. Describe the influence of the amount ol: volatile nriztHer and fixed car 

. • bon in the coal on its proper firing in a given furnace design; and 

d. Describe how, changing the ash content and th^ heating value of coal ^ 
can influence the combustion as well as the capacity of a specified 

steam generator. - 

10. Subject: Solid Waste and 'Wood Burning 
Objective: The student will be able to: 

a. List the impQrtant ?ynilarities and differences in both ak^sical and 
chemical properties of solid waste, wood waste, and cdal; 

b. Describe the mechanical configurations required to complete combus- 
tion of solid waste^ and wood waste and compare with those for burning 
coal; and 

c. Describe the unique combustion characteristics and eniissions from 
burning unprepared solid waste and refuse^erived fuel. 




1. SubjcHt: (loiuioll<*(i All liu iiUMaiioii 
()bjcr(iv(*: I'lu* stiulnu will hv able lo. 

a. I)(*S( i il)(* t coinbii.stion |)i iiu ipU^s aiul |)()lliinon cinission 

1 liai *uMoi isiics of ( oiuioIUhI ai) iiu iiiri a!t>i s < oiui asuul xyiib those nl 
sini^U* and luuhipic ( hamlxM (l(*simis 

l)^ I(l<Mi(ily ()|)<MaiiMg Iraimrs which iua\ rause snioki* cjiiission lioiu* 
c'OfuroiUul air iiu iiuM a(oi s; and . ' 

c. Rflalc ih('\(MTi|)(M <UiU(* of j;a.s(\s iiMMiiv; Oh' .iIkm bin ium lo (he amoimi 
ol ai^xihai y liiel lu'ciled by ilu* alu i hui ii* i . 

2. -^^ibjcri: Munic ipal S('w•a^r Sluili^r liu iiu i .iiiun (0|)Vt()Ucil) 
O.bjiHMivc: l-hr .siudnu will hv abb' lo: 

^ a. lasi and disruss^ihc air polluuiius (Mniiud in iiu iiuM ai iun ol s(*w!ig(* 
sbidgc; / 

b. D(\si rib(» s|MH ial dcsigii Iraunt's khjuimmI lo burn wiM scwag(* sludge 
lurl; ' ■ 

Xv. Dmiibr ihr eombu^siion irla((*d aciiyity iHcurrini^ in each ol i\\v four 
7,ones of ibo muUiplc b(*ar(h sewagxvskidgc* incincraiois; 

d. Discuss ibe options of coiiibusiion air [)! (*h(\u iiiji^. Iku* j^as rcbcaiing. 
and energy recovery; and 

e. Lisi^two imporiani operaiioiial problems which can adversely influence 
air pollution einissions. - ^ , 
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Subjecu - Direct Flame and Catalytic Incineration 
Objective: I he student ^wfll be able to: . ^ ^ 

^ a. Cite examples of air pollution sources where direct-flame and catalytic 

afterburners are used to conirbl gaseous emissions; 

b. DescV^ibe the influence of temperature on the residence time required 
for proper operation of afterburners; ' 

c. Apply fundamental combustion calculations to determine the auxiliary 
^ fuel relquired for dir«ct-flame and catalytic incineratioji with and 

- withoi^ energy recovery; ^ 

. d. Perform the necessary calculations to determine the proper physical 
^ dirhen^ions of an afn^rburner for a .specific application; 

e. List three reasons for loss of.catalyiic activity and ways (>f preventing 
/T^ such loss; and " 

/ f. Cite methods available for reducing afterburner operating costs. 

. ' ^ ' ^-^ • ^ ^ ■ ■ 

. Subject: - Waste Gas Flares (Optional) 
Objective: I he student will be able lo: 

. a. Calculate the carbon-to hydrogen ratio ol a waste gas^tream and 

determine wh^n and lunv nuu h su\nu wili be lequirt^H for stn()keless 
flare operation; ' ^ --^^ 
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I). DiuIimsuuhI ihr.tlihririur bri\v( <'n < !a x .lu ii aihl \^iouiul lr\rl ILj.( ^ ,uul 
ihr (IvslM'^ ("onsulri .uioiis whiih \iiuhMlir ilic tliour ol oiu* or ilu* 

(\ IVsiribr provisions U^vi^nY^^va^ v i^.i^ li.)v\ lau'sjiom niHMinnu iu 

NOUirC'N. 
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15. Subjri i: (:om4)usnon ol Ha/ardbus Wastrs 
J Obionivc: I hv suulrni will br ab(r lo: 

a. Ciic special icquinMrKMUs assoriaK^il wiih ihv t oinbusiio'ii ol ha/aidous 
.liquid and soli^l vvaslrs;^ <^ 
• h. Rec iu' the *>peclal requifcnuMiis for trraiiniJ ihe roipbusiioii prodiuHs lo 
coixJirorpolluiavii emissions Ironi iiu innaiion operaiions; 

conifolled by iiuineraiion; • 

d. Describe the fuel requirenienis neeessary lo dispose ol ha/.ardous vvasie 
materials; and 

e. List a^umber ol hazardous wasie inaierials (including polychlorinauxt^ 
biphenyls — PCBs pesiieides: and somo>T)ihei- halrti^enaied orgaiiics) 
which may be. disposed. olX^jUCcesslully jUKough proper liquid incinera 
lion devices^; give ihe req\nred iemper*ViureS| and residence times U) 
achieve ad^'quaie desiruciion. J ^ 

16. Subject; NOx Clonirol 
Objeciive: I luvsiudeni will be able u>: 

a. Ideniily throe of the majorVtaiiouary sources ot NOx ^'niissions; 

b. Locate ^nd use emission lacjors to esiimaie the amount o( NOx <*»T^'^' 
ted by a potential combusjir>n sOuii e; 

c. Describe the difference^^uween mechanisms for lorminir l herm;i1 

' NOx and. Fuel NOx '> / • . ^ - ^ 

(1/ Describe vari()us .tc*chniques for Nf7^ coiVUol: Hue gas recirculation, 
two-stajje combii.strQn. excess air conit'ol. oiialytic dissociatidu. wet- 
) scrubbing, water injection, and reduced lu^'l burning rate; and 

e. State the amount of NOx available tVom particular examples ol 

combustion , , 

modification. ^ 



17. Subject: linproved Combusti(Mi through IVsign Modification 

Objective: J he studeiu wilt be* able to: 

a. ^State \^he benefits of proper maintenance and adjustment of residential 
oil combustion units; - ' ' ■ 

. V - List three important features to check during the maintenance of 

commercial oil-fired burners; : 

^' ^--^^ ^ - Discuss the differenct\beitween .O2 and 'U)west 4)ractical . »^ 

" O2; and why these are importairtSiV indiuiln^^ ^ 
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.Chapter 2 

Fundamentals of 
Combustion 



INTRODUCTION 



CoiribusAon is a chemical reaction. It is the rapid oxidation of combustible 
substances accompanied by the release of energy (heat and light) while the consti^ 
tuent elements are converted#to their respective oxides. 

The products of complete combustion'of hydrocarbx)n fuels are innocuoijs carbon 
dioxide andjx;iter vs^por. Incomplete combustion, however, can lead to serious air 
pollution problems with tYie emissions of smoke, carbon ^monoxide, and/or other 
> partially oxidized products, and should therefore be a ^oide^. —Further; should the— 
-ft^ then the flue gases will contain 

their reBpectiv* o:}^ides as^Uutants, even with complete combustion. Chapter 16 
^ dcscrifics thermal NOx and fuel TVQj^^. ^ ^ 

To achieve efficient combustion with a minimum of air pollutant emissions, it is 
* essential thai the proper amount of air be available to the combustion chamber ' 
and that adequate provision be made for the disposal of the flue gases. Other fac- 
tors influencing the completeness of combustion are temperature, time, and tur- 
bulence. These are sometimes referred to as the "three T's of combustion/' and 
need to be given careful consideration when evaluating existing or proposed com- 
bustion processes, as well as designs for new installations. J: 

Each combustible substance has a characteristic minimum ignition temperature 
vhich must be attained or exceeded, in the presence of oxygaen, for the oxidatioli 
reaction to proceed at a* rate which would qualify it a^ comlaistion. Above the igni- 
tion temperature heat is generated at a higher rate* than itsTosses to the surrouti- 
dings which makes it possible to maintain the elevated tenjpcratures necessary for 
sustained combustion. ( ^ - 

" Time is a fundan\ental.factqr in the d^ign, which influences the performance of 
combustion equipment. The residence time of a fuel particle in the high/ 
^ temperature region should exceed* jthe time requited-the cpmbustion of that par title 
to^take pl^ce. This will therefore set constraints oh the size and shape of the fur- 
nace for a desired fuel firing rate. Since the reaction rate increases with increasing 
temperature, the time required for-cornbustion will be less at higher temperatures, 
thus raising an ecofioniic question for the designer: the smaller the unitrthe higher > 
the temperature must be to oxidize/the material in the residence time available'. 

'furbulence and the resultant mixing of fuel and oxygen are also essential for 
efficient combustion processes-. Inadequate midi|K of combustible gases and air in 
yjjie furnace can lead to emissions of incompletSStombustion products, even from 
an o^he^wise^ properly sized lirtit with sufficient pjtygen. Turbulence will speed up 
the evaporation of liquid fuels for combustion in the vapor phase. In case of solid ^ 
fuels, turbulence will help to break up the boundary layer of combustion products 
formed ground the burning Jparticle which otherwise cause the slowing dpwn 

. of the combustion rate by (Increasing availat)ility of oxygen to the surface reaction. 



Proper control of these tour talHirs oxygen, lenipeiaturo, nme, aiul un 
bul^nce - are necessary in order to acjiieve efficient combustion with a minimum ol 
air polluiani emissions. This chapter will concentrate (m the combustion fun 
damentals associated with theoretical 'air and thermocliemical calcu^tions. Cias 
laws will be applied in determining the yolamcHiic flow rales ol 'various streams in 
combustion proc^esses. The effect of temperature qji the reaction rates and 
equilibria w^l also be discussed In general terms. Subsequent chapters will discuss 
the applications of these principles to ^he burning or oxidai^on of specific com 
bustible substances in selected combiistion-equipment. 

• •» 

\ 

Stoichiometric '<Jombuition Air A 

Oxygen is necessary for combustion." The amount of oxygen rfqliired for complete* 
combustion is known as the stoichiometric or theoretical oxygen and is determined 
by the nature ?md.%f course, the quantity of the combustible material to be 

^ "btffned^r Whh The cxc^ oxygen is usualfy 

obtained from atmospheric iit. 

Consider a generalized fuel with a chemical formula Cx Hy Oj^ where tht 
indices x, y, z, and w represent t\\c relative number of atoms of carbon, -hydrogen, 
sulfi^r, and oxygen resplictively. Balancing the chtemical reaction for the complete 

^ oxidation (combustiop) of this fuel with oxygen tt^ air gives: 

- •■ Y ^ 0 79 K w 

^ (2.1) CxHyS^^^{x^-^z'--)02^f^^ (x+-+^-j)N2- 

\ ^ , ■ • ' ■ • 

V • 0 7Q ' y w 

X C02+ y"20 + z.S02+ ^(x+ ^ +z- -) Nz + Q, 

% -r . 

where Q represents the heat of combustion.^ * 

The above reaction assumes tha,t: ' ^ ■ % 

' . • air jconsists of 21% by volume of ^Kyg^n with the remaining 79% made up 
^ . of rtitrogen and other inerts; 

• comibinpd oxygen in fuel available for combustion, thus reducing air 
requirements; , 

k • • fuel contains no combined nitrogen, so no "ft%l NQx" »s produced; 

• "thermal NOx via the nitrogen fixation is small, so that it is neglected in 
stoichiometric air calculations; 

• sulfur in fuel is oxidized to SO2 with negligible SO) formation. 

Equation 2.1 relates the reactants on a molar basis. One gram-mole of a 
substance is the m^j^is of that substance equal to its molecular weight in grams. ^ 
gram^oMIe of any substance contains Avogadro's number of molecules Of that 
substan^, i.e., there are 6. Ofi x lO^S moleculw/g-mole. l^und moles (Ib-mole) are 
also^in cbnimon use, Since one pound mole is' equivalent to th)e moleculai^ weigh^ of 
tl^c substance in pounds, it contains 454 times as majiy lfnoJecules as a gram-mole. 



' . ... * . 

The generalized c\)iTibustion equation, Equation 2.1 can he ( onv(Mted to a mass 
basis simply by multiplying thi^ imnibcr ol moles of each suhsianre by its lespei live 
molecular weight. 

Avogadro'j law States: *^ 

jBqual volumes of different gases at the same pressure and ieitiperaiure 
yitont^in equal numbers of molecules. - f ^ 

Thus it follows that the volumes of gaseous reactants in Equation 2.iTfe in the 
same ratios as thek respective numbers of moles. ^ 

The following is a?ti example of the procedure for determining the arrtount of ' 
stoichibmetric (or Vthfcoreticar' or '100% total") air for complete combustion of 
methane^C//^, using Equation 2. 1 . 

^ Referring to Equation 2.1, for CH 4: x — I; y- i; ;t - w^O. 
Thus balancing the combustion equation gives: 



r 



(2.2) C//^ + 202+ 2x3,76A/2 C02'^Mi20\TMM^^^ 

f. ■ ^- • 

(2.2a) . . * * . 

moles or relative - / r ' • 

volumes: 1 + 2 + 7.524- 1 + 2+ 7.52 ^/ ^ E"or 



total air Jlue products 



0.13% 



(2,2b) 

,Lc. 16+ 64 + 211-44+ 36 + 2ir 



mass: 



(2.2c) ' ' • • \ 

mass/ • ■ ofl » . Error 

combustibles: : 1.+ 4 + = 13.108 - 18. 19 -2.75 + 2.25 + 13.19 ^"^T^ 

^ * • . ' 16 • . . 0.75% 

The abdVe expression gives not onily the theoretical air requirements in terms of 
m,oles or volume, Equation 2.2a, and mass (^.2b, c), biit it also permits the deter 
minatiori of the fesuhing combustion products which the flue needs to handle.' 

Attachiii'ent 2-1 (page*2-14)'^ves similar results^or a number of coptbustible 
compounds i)ti additidn to methane. This table also contains othe? useful data for 
combustion calculations, inckiding moleeular weights, densities, specific gravities 
and VdlumeS, and heats of combustion. ■ • 

In the case of a pure compound, such' as methane in the previous example and 
all substances listed in Attachment 2-1, the x, % Z] and «; indices have intergcr or 
ttero values in the generalized combustion equation, Equ'atidn 2.1. More often, 
however, one is interested in burning fuels which are mixtures of combustible 
substances, such as fuel oils and coal for example. In these cases the x, y, etf . 
indices may take on fractional values and^the gent^ral chemical formula is. in- 
dicative only of the relative abundance of the atoihic speci.cs rather than of any ex- 
act molecular architecture. However, Equation 2.1 could still be used— even with 



non integer coefficients. The indices in the chemical formula for a mixture can bo 
. obtained from its ultimate chemical anaflysis by dividing the percent (by weight) of 
composition of each of the constituent elements by theit respective atomic weightfi. 
After having thus established the formula for the one could th^n apply Equa 
tion 2.1 to make the desired combustion calculations. 

" It is oftcp easier, however, to incorporate the conversion from the ultimate 
analysis to the chemu;al formula of the fuel inio a general expression which gives 

J. the amount of air required. On<^ such expression frequently used with^solid and 

NiquM fuels is: * * . 

; . ■ ■ V ■ 7 ^ 

(2.3) M^,/= 1L53 G+ 34,34 — O2) + S v 




where Af^^^.is the fnass'of stoichiometric air per unit mass of fuel? and C, //2, 
mjid S now represent the weight fractions, i.e.\ percent/100, of! carbon, hydrogen, 

tiorr 2.3.arf .the samo as the mjfs (pounds) of air per mass (pounds) of com- 
buBtioies' for ^e. corresponding elements in Attachment 2- y 

" For mixtures of gaseotis fuels it jis easier to compute the itmount of air required 
for each of thc^ constituent compounds, e.g., methane, ethane, ethylene, etc. 
directly, using the coi^ants from Att^^hhient 2^1, and then^dding them to get 
the tmaL Further,^ as the ana^lyses of gaseous fuels are usunlly available on a 
voljiimetric basis, the volume rather than mass of stoichiometric air is of the most 
interest. Thus, for a unit volume ^f gal^eous fuel, say 1 scf (standard cu^ic foot), 
^he volume of theoretical air, Va u standard cu.ft., is: 

(2-4) , ^ 2 . 38 (CO +'H2) + 9M CH4 +16.68 C2H6 14. 29 C2H4 



+ 11.91 C2H2+ -- +' '^ W2S-'*>'6 O2 1 - 

where the molecular symbols nol!w rcpreseiH the volume fractions of the indicated 
xromponents, and the numerical coefficients are ag^ih' found hi Attachment 2-1 , 
.^ut this time from the "mole per moley^of ji;ombustibles or cu. ft! per cu« i^. com- 
b^tibles'' coluiAn. Shouldl the gas mixture obtain other Combustible substances not 
already included in Equation 2. 4> these can be added similarly. Absence of a, 
substance means that its yo^ume fraction i| zero and that term will drop out of 
Equati6n2.4, ; / 

The products of complete combustion are .C02> H2O, SQ2> N2 froni com- 
bustion aiir. The quantities oif these can also be determined with the help of ^ 
Attachment 2-^1. For example, the mass of flue products produced per unit mass of 
any fuel burned is: ^ \ 



1 



18 



(2.5) Af^.^,^f::^.()() c 

where the atomir'an^ molecular symbols Dnce again represent the weight fraction 
of the respective constituents in the fuel, and; ^ 



H20^ is the weight fraction of water in the fuel as rnoijture, anc^ 
is the weight fraction of N2 in the fuel as nitrogen. 



theoretical combustion products from Equation 2.5 to obtain the total flue gas 
stream for complete combustion with tfieoretical air. 

• * " / - * . 

Volumetric Relations for/Gases and Vapors 

' i ■ ' I . ■ J ■ 

It is ofteu nales^ii^ to find the volume of a gas or a gas mixture at different condi- 
tions of tenjAcrature ai\d pressure, ^he volume of an ideal or perfect gas has been 
found to b^direc^y proportional to its absolute temperature, T, and inversdy pro- 
poftionayp the absolute pressure, p. ^ \ 

(2.6) • . . ' . ■„•='£ =«X 

where, V is the molar volurpc, and V the total volume of n moles of the gas.^The 
coefficient 9f proportionality, R, is •the universal gas constarit, and is identical for ■ 
all ideal gases. The numerical value of R does, however, vary depending on the 
units used for other, quantities in the ideal gas law, Equ^kion 2.6. Values of R for 
some more frequently used sets of units are listed in Attachment 2.2 (page 2-f5). 

According to EquaCion 2.6., one mole Y)f any idea] gks occupies the same volume ^ 
at the same pressure and temperature. Thus *compajrison af volumes at'identicat, 
often standardized, ccyhditioris is useful as an indicato|^ of the relative numbers of 
molecules or moles involved. Molar volumes of ideal gases at several such /Stan- 
dard*' conditions are given in Attachment 2.3 (page 2 16)/ The ideal gas law. Equa- 
tion 2.6, is quite adequate for' the gas phase pressure-volume-temp^erature relations 
in most combustion processes. Significant deviations from such ideal behavior begin 
to appear only at ^ressmps much highejr than are encountered- in most combustion 
installations. ' > 

Since nfost combustion processes take place at essoptially constant pressure, nor- 
mally close to one atmosphere, the volume of gases at some other temperatures can 
be calculated using Charles' law: 



(2.7) ^1 - 



Note that one needs t(j( use absolute ti:niperatuies. either degrees Rankine f 
460) or Kelvin (^C + aVS^lT)) in Equation 2.7. Charles* law is merely a special ^ 
application of t(ie ideal gas Jaw by taking the ratio of Equation 2.6 written at con 
ditions 0 and ] for a fix^^d amount of gas (ng-nj) at constant prcss\rjp<^ (Po^PO 

Boyle's law, Equation 2,8, relates the volume to pressure at constamt temperature 
^Tq- T])dind amount of gas (ng-nj), and can also be obtained from Equation 2. 



(2.8) Vl = Vq 



Po 

Pi 



Charles' and Boyle s laws are more convenient to use than the ideal gas law>if there 
is only one variable affecting a change in volume, i.e., temperature or pressure, 
respectively. 

Partial pressure of tlie i-tK compoii pressure exerted 

by that component if it were to occupy alone the same volume as the mixture at 
the same temperature. Dalton's law states that the total pressure, p, exerted by a 
mixture is the sum of the partial pres^sures of each of its components: 

(2.9) P=^^Pt'-pA+pB + Pc + 

where />i= p 

Flammability Characteristics of Gases and Vapors ^ \ " 

A homogeneous mixture of a combustible gas and air is said to be flammable if it 
caiTpropogatc a flame. Flammability isHimited to a fljrite range of compositions, 
even when the mixture is subjected ^to an igfntion source or to elevated \ 
tcmperatui^, This limit at the more duute miquure of combustibles is known a"» 
the lower flamm^ability or explosive limit (LEL), while the limit at the more con- , 
centrated (combustible-rich limit) end of the flammable range is the uppQ|;Jlam- 
mability or explosive limit (UEL); > 

At ^oncentrationMjelow LEL the localized heat release rate of the oxidation 
^reaction at the igniti/^n source is lower than the rate at. which heat is dissipated to 
the surroundings^ and thci#fore it is not possible to maintain high enough 
temperature which is requiredifor flaine propogation or sustained combustion. ^ 
Above the upper flammability limit, there i^ less than the necessary amount of ^ 
oxygen, with the result that the flame does not propogate due to the U><^al deple- 
tion of oxygen, thiis causing the temperature, and'titnce the oxidation rate, to 
drop below the levels required for sustained combustion. ^ 

The rate of flame propogation ift combustible mixtures covers a wide range as it 
depends on a number of factors including the nature of the combustible substance, 
mixture Composition, temperature, and pressure. For a given substance the flame 
propogation rate is maximum at or hear the stoichiometric mixture composition, 
jlind drops off to *ero at the upper and lower explosive limits. 



/ 

/ 

r 

Attachment 2 4 (page 217) is typical of the effect of temperature on the Hmiis of 
flammabilily. Here T^i is defined as the lowest. temperature at which a Hquid com 
bustible has vapor pressure high enough to produce a vapor-airymixture within the 
fl<^mmabi|ji(y range (at LEL). The autoignition temperaturcj(Al'I'^ on the other 
hand, is the lowest temperature at which a uniformly heateo mixture will ignite 
spontaneously. These quantities*are summarized for selected combustible subsianc^ 
in Attachipent 2 5 (page 2-18). Good sources of such data fbr a large number of 
different gases and vapors are Bureau of Mines Bulletins 503 and 627 (2. 

THcrmochemical Relations 

Combustion reaction, with its release of heat and light, is referred to as an exother- 
mic reaction. Eti^gy, which is released as the result of rearranging chemical 
bonds, can be utilized for power generation, space heating, drying, or for air pollu- 
tion abatemcpti just to mention a few^-^pplications. Thermochemical calculations, 
which are th^ subjects of the next several seccfions of this chapter, are concerned 
with the heat effects associated with combustion. These calculations permit deter- 

^raination flf the 

will be available for useful worlc, however. 

Each combustion installation has heat losses, some of which can be controlled to . 
a certain extent, and others over which there is little or no coi)trol. The avoidable " 
heat losses are those ^hich can be minimized by good.design and careful operation. 
They will be discussed* in subsequent chapters. The efficiency of a combustion 
installationsreflects.how well the.designer succeeded in this respect. The percent. ef- 
ficiency is defined as 100 minus the sum of all losses, expressed as percent of th^ 
energy input from the fuel. 

In order ib make efficiency as well as other thermochemical calculaitions, on^^ 
X needs to be able to (fetermine the fuel heating values^ heat contents on entering 
and leaving strfeams, and arty other heat lefSses. Since rather s{)^cialize4 terminology, 
is involved, a definition of terms is in order to ^oid confusion and anijbiguities ^ 



later. ^ 



Heat of ^Combustion -^ Heai energy evolved from the Union of a combustible 
substance with oxygen to form CO2, //^O^and 502) the end products, 
with both the rc^ctartts starting, and the products ending at the same Condi- 
tipns, usually 25 and 1 atm. ^ ^ 

Grassi or ^igh^ Heatmg Value— HVq or ////F— The'^quantity of heat 
evolved as determined by a calorimeter where the corrxjbustion products are 
cooled to 60®F and all watei* vapor condensed to liquid. Usually expressed in ^ 
terms of Btu/lb or Btu/scf. 

Net or Lower Heating Value— HVj^ or L//r— Similar to the*higher 
heating value except th^i the water produced by the combustion is not con- 
densed but retained as vapor ^t 60^. Expressed in the same units as the 
gross heating value. ' ^ ^ 

Enthalpy or Heat Content— Totdil heat content, expressed in Btu/lb, above a 
.standard reference cdhdition, . 



' sensible Heat Heat, the addition or removal ol whiih irsults in a cliangc of 
^ tertfipcraturc. / 

Latent Heot- Heat effect associated with a change of phase, e.g., froiTi 
liquid to vapor (vaporization), or from liquid to solid (fusion^, etc., without' 
a change in temperature. Expressed usually as Btu/lh. 
Available Heat- The quantity of heat avaSable for intended (useful) pur 
poses. The difference between the gross heat id^ut to a combustion chamber 
and all the looses. 

According to a heat balance, energy outflow from a system and accumulation 
within the iystem equals the energy input to the system. For steady state ^operat fens 

the accumulation term is zero. Therefore: 

■ ■ - - - - • • - 

(2. 10) V Heat In (serufible + HHV) = Heat Out (sensible + lAtent + available) 

Attachment. 2-6 (page 2-19) illustrates the variouj^ quantities in the heat balance 
and their inte^telations. Th<* length <if eacli bar (Parts 2 6.b, d) represen(.tfie heat 
contencof the re^pectiye stream or streams. Part 2-6. c of Attachment 5-6 gjives t^ie 
same information as Parts 2-6. b and but recognizes in addition that the heat 

contents (enthalpies) are functional of temperature. The sensible heat content of 
fuel and air. above the^60°F entl^al^ reference level, needs to be added to the 
gross heating value bh t)i?jriput side, ^hc^mount added will depend, of course, 
ori the temperature of these streams and could in fact be negative, if any of them 
enter at temperatures below 60°F. • ' \ 

Flue losses are made up of sensible and latent heat conuibu|ions and &re also 
dependent on the temperatdre. The higher the flue gas temperature, the higher 
these losses are, and the less heat remains fpr useful wQrkv Conversely, the extfac " 
•ion of heat from the system, presumably for some useful purpose .Hecreases the 
stack gas h^'cpntent and improves the heat utilization effici<?ncy of the operation. 
Stack jpas' temperature sljould not be allpwed. howe/ei;, to drop belo\^ the level 
where condensation \yill appear (to avoid corrosio.A problems). ^ 

XiTfstimsrtc oiF^ t flame temper^ature is obtained Trorn Attac^^ment 

2-6.C by extending the combustion products tempetature vs. enthalpy curve until 
no heat is extracted (Available H^!lat = 0)^ The actual adiabatic temperature will 
not b^ as high, though, since (a)' combustion is not instantaneous and some heat 
losses to the surroundings are likely to oc^ur. and (b) at temperatures-, above about 
5.000 °F some CO2 and H2O vviir begin to dissociate absorbing some heat. Not;c 
that preheating fuel and combustion air permits the generation oif higher 
tettipcrature* in the combustion chamber or higher amounts of heat available for, 
uscfttl^pui^poses at the santie exit gaS temperature W 

Further, some of the hottest flames available ate obtained by the use of oxygen 
instead of air the oxy acetylene torch can reach 5.600 °F. oxy-hydrogen torch 
6.860**F. and oxy-atomic hydrogen torch about lO.O^O°F. all" because of the 
absence of flue gas nitrogen hfcat losses. 

: Atfachment 2,-6 IS rather idealized ^nd should be used only in a qualitative sense. 
For example, no radiation or conduction (through furnace walls) is considered. ^ 
Thte,l)oundary between the sensible and lawnt heat contributions cannot be 
segregated as sharply as indicated - condensation will ^cur over a range of 



temperatures. Thus, in a real system the dashed curve may be more r^resentative 
of the true situation. Also, the increjising heat contents are not always linear with 
temperature as shown. The reciprocal of the slope of these lines is proportional to 
the specific heats which are known to be functions of temperature. 

Let us now compute the flue gas losses by determining the heat content of 
exiting combustion product^. Consider a general case where the stack gases Wf * 
made up of n components, the quantities of, each, m^, having been determined 
earlieir in this chapter ' ■ 

The total mass flow rate of the stack gases rntQt (Ib/hr) is: 

^ • (2.11) lh<o; = ^j + ^ + . 2 ^ 

* 1=1 

- Assuming no latent heat effects (nef>ha^ changes), the enthalpy of each compo- - 

nertt hi (Btu/lb) at temperature r2 is: 

(2.12) I hi=Cp_i(T2-^To).. ,..„..;.„.^„,„..™„. 

where Cp i-specifit heat of i-th component, Biu /lb F and ^ 
Tq = reference temperature for enthalpy (h = 0 afT- Tq), "F. 

Enthalpies at various tcmjferatures can be calculated by Equation 2.12 if the^ 
specific heat dafJi are available, or they could be obtained frpm Attachment 2-7, 
whicn gives the enthalpies for a i>umber of gajifes of interest in combustion calcula- 
• tion^' Heat contents at intermediate temperatures can be obtained by linear inj^pr- 

polation. ^ - ^ 

Enthalpy of a mixture, (Btu/lb), at is then: . / 

<2.1S) , fornix ^ xii hi= E xi Cp i{T2~T^) 

1=1 1=1 

where jc,- is the weight fraction of component i in the mixture, i.e., Xi— m(/miQi 
an^Ex, = 1.0. 

Any latent heat effects need to be accounted for by adding terms >such as 
.{m\ yd), is the latent heat of vaporization (condensation) bf the i-th coriipblicnt. 

The total flufe loss, qflue loss (Btu/hr), is then the sum of all the enthalpies oi" 
the stack gas cotiiponents: 

' . ' ■'. ' . ■ ■ 7 " • " ■ • 

(2.14) qflue loss = hot hmix^^ h M=(T2- To) ^ (f^ 

The scriisible heat input by air and fuel can ^be calculated by an equation analogous 
to Equation 2.14 and is\ 

C'. (2^15) ^ 9fuel,atr^l-To)^^<^pf 

where Tj is the fuel tand air inlet temperature, and the subscript > represents input 
'^.C'. ■• components. . . ; . ■ . 

i^RiC ;'-:^;-:u,vv:; ^ ■ ■„, :■■„■ . / ; ■ V •■• 



With the higher (gross) heating vahif of the fuol. Qjj (Btu/lb fuel), thr availabl( 
heat, Qji (Btu/hr), from this installation will be: ' 



(2.16) di ==^fuel Qif+<lfuet, air- q flue losses 

' ' ' I 

Note again that the ^bove has not included any radiation or conduction lossses. 
Should these occur, they need to be^ subtracted from the right side of 
Equation ?.J6. 

These^ralcijlations have already been performed for different types of fuels, and 
thr^,results presented in tabular or graphical form to facilitate the design or the 
evafuatipn of a combustion process. Curves in Attachment 2-8 show the available 
heat (if" the hydrogen to carbon ra^io in the fuel is known) for a complete combus- 
4:ion of vafious fuels with^stoichionnetri^ air and fuel input at 60*^F. Thpse curves 
senj^ as a generalized comparison for all hydrocarbon fuels. 

"'I Curves in Attachment 2-9 would be preferred sK<^ for specific fuels be 

\availatle. ^Attachment 210 is still another generalization for hydrocarbon fuels giv- 
ihg the available heat as a percent of the gross heating value and various amounts 
of-exjpcss Combustion air. Note that this qhart is only approximate since it is based 
on the assumption that the combustion air required per gross Btu heating value is 
the same for all fuels. - 

Attachment 2-11 relates |he various combustion losses to the air-to-fuel ratio. 
With perfect mixing, one would expect a minimum in total losses at the 
stoichiometrically correct air/futl r^tib. As result of a le^ than perfect mixing, 
however, the' minimum total loss occurs at higher air/fuel ratios (excess air). The 
exact location 'of this minimum depend^ not only on the degree of mixing of the • 
.^^el and combustion air, but also on the characteristic burning rate of the par- 
ticular fuel. Recommended excess air quantities fpr an optimal combustion effi- 
ciency from the heat utilization point of view will be discussed under the respective 
fuels burning qhkpters. v 

Reactipii Equilibrium and Kinetics , 

Hie following is a qualitative discussion of the chemical rcaiction eqailibrium and 
kinetics in an attbnipt to clarify the roles which concentrations and tempera turc 
play in combustion piticesses. Much has been written on the sjibject with most of 
the more recent work. by chemists at a level too sophisticated for the purpose here. 
There are, hbwever J quite readable discussions available, among them a book by* 
J.B. Edwards (5). / , 

Chemical reactions are seldom as simple and complete as was implied by the 
general combustion reaction Equation 2.1. All reactions arc considered to be revet 
sible to some extent. How far a reaction proceeds depends on the relative rates of 
the forwiird ?ind reversfe reactions. Consider a reaction where reactants A 5p4d B 
foiin prcHiucts C and D: 



(2.17) 



+ B - C \ D 



From the law of mass action, th(j rates of reactions arr- proportional to the concen 
trations of reactants. Hence the forward rate, rj, ^s: 

(2.18) * 

an^he reverse r^te: ^ 

(2.19) Tr^kriCJlD] 

where the k's reprtsent the reaction velocity constarits, and the square brackets the 
concentration of the respective species. - C 

■ At equilibrium the forward and reverse rate are necessarily equal. Thus: , 

.(2.20) - ^ ^ kfJAJ fBJ = kr[Cj [DJ ' ' _ 

It i^ how coi);r^iiient to define an. equilibrium constant K: > 

The equilibrium constant, X, is a function of temperature through the temperature 
effect on the reaction velocity constants kj and k^. Note that if it were desired to 
reduce the concentration of one of the reactants, say react ant A for example, this 
could be accomplished by increasing the concentration of B This is exactly the 
rationale for using excess air to assure com{)lete dombusti^ of the fuel. 

It i» common knowledge that some reactions proceed faster than others. The 
reactioi) rates depend on the chemical bonding in the materials. Enough energy 
must be supplied to break the chemical bonds in the fuel and in the molecular 
oxygen before new bonds can be formed. It is convenient to think of this energy as 
elevating the reactants to a new higher energy state, called the transition state, 
where an activated but unstable complei is formed from the-reactants. This com- 
plex can bfeak up into new products or go back to the initial reactants. Such a 
model of a chemical reaction is illustrated in Attachment 2-12. The energy 
necessary to raise the reactant molecules to the transition state is called the activa- 
tion energy. AE. ' 

Molecules in any substance are distributed over a spectrum of energies as 
indicated on the left side of Attachment 2-12. There are relatively few molecules at 
very high and very low energies with the bulk of them at some intermediate energy 
state. The area under the distribution curve represents the to^ number of 
V molecules in the system. Tbe energy spectrum is a function^f temperature, and 
shifts to a higher energy level as temperature increases (e.g., dash^ curVe at T2), 



Only these molecules* which arc in energy states equal to or higher than th? transi 
tion state will |be al^ to form the activated complex and eventually the products. 
The fraction of molecules which possesses this ret^uisite activation energy is higher 
at elevated temperatures, as is apparent by the larger^shaded arra under thr energy 
distribution curve at T2 in comparison with that at Tj Therefore, at higher 
temperatures one can expect a higher reaction rate. This temperature effect on the 
reaction rate can be represented by an Arrhcniiis-type relation, as shown in Attach- 
ment 2-13. The temperature effect is exponential and gives a Straight .line on a 
semilog plot of k vs. the reciprocal of the absolute temperature. ^ 

The presence of a catalyst increases the reaction rate, but not the total arriount 
of products obtained, nor the equilibrium concentrations. Many surface-type 
catalysts introduce adsorption/desorption steps into the overall reaction sequence, 
as shown in Attachment 2-14. The net effect of these steps is an apparent lowering < 
of the effective activation energy. This makes it possible for a larger fraction of 
reactant molecules to reach the transition state with the result that the reaction 
rate will increase. The bottom half of Attachment 2-14 illustracis how a catalyst 
Tnci:casi» t^^^^^ an increased A-v^ue at constant temperature, 

or that the same rate could bo^obtained with catalyst ;at a higher l/T (or lower 
absolute temperature, f). 

Practical applications of the above are fouiyl in the catalytic incineration of 
combustible pses and yapcfrs discussed in Chapter \$. Tcmperattires and residence 
times required for catJtytic oxidation arfji^uch lower <see page 13-29) than those* 
required by thermal afterburners (see [jM^^l^-17). 

Summation ^ 

Insufficient air will result in incomplete combustion vfi^h emissions of pollutants 
such as carbon monoxide, solid carbon particulates in the form of smoke or soot, 
and unbumed and/or partially oxidized hydrocarbc ns. 
Burning carbon with insufficient oxygen can produce. CG: 

(2.22) C^~02 - CO 

With additional oxygen the carbon monoxide can be converted to CO2: 

Even gastoui fueb, such as methane, could produce pollutants when biimed with 
too little oxygen: V / 



Th^ solid cirbon particles can agj^Iomerate t-esulting In smoke and soot. Somewhat 
more oxygen, but still less than theoretical, could lead to carbori monoxide forma 
tiort by the following reaction: , ^ 

(2.25) CH^ ^ O2- CO^ 2 H2O 

Reactions similar to those represeuied by Kquations 2.22 and 2/25 can occur in 
the presence of adequate air if: (a) the oxygen is not readily available for the burn- 
ing process, as a rcsuh of inadequate mixing or turbulence, (b) the flame is 
chilled t;oo rapidly, r^ndZoi^XgjA These "3 T's of Com- 

bustion** are all interrelated and need to be considered carefully in order to achieye 
efficient combustion with a minimum of pollutant emissions. 



REFERENCES 



V 



1. SUani, Its Generation and Use, 38th Edition, Babcock and Wilcox, 

Nrw York (1972), . ' ^ 

2. Bureau of Mines Tech, Paper 450 and Bulletin 503. 

3. Zabetakis, M.G^, "Flajmmabiliiy Characteristics of Combustible Gases 

and Vapors, ' Bureau bf Mines, Bulletin 627 (1965). ^ 

4. North American Combustion Handbook, North American Manufacturing Company. 
Clev(^nd,.Ohio, 1st ^iti^^ (19^2), 2nd Edition (1978). 

5. Edwards, J.B., Combustion: The Formation and Emission of Trace Species, Anh Arbor 
^ Science Publishers, Ann Arbor, Michigan (1974), 



Attachment Combustion constants 



^ERiC 



No. 



SiibsUnct 



1 Carbon* 

2 Hydrogtn 

3 Oayjfen 

4 NMrogenXalm) 

5 Carboo monoH^ 

6 Carbon <lk)Kiil« 

PuraHU i«rtM 

7 Mfthant 

9 Propan« 

10 n BuUnt 

11 ItobuUna 
\2 n PtnUn« 

13 liop«nl«nt 

14 N«op«nt«nt 

15 n HtJi«n« 

Otofint^riat 

16 Ethyknt. 

17 Propy<tn« 
16 n Buttnt 

19 ltot>uttn« 

20 n P«ntoh« 

Ar»iiMt)€ mHm 

21 Svnztnt 

22 Tolutnt 

23 Xyl«n« 

24 Actlyl«n« 

26 N«phth«ltn« . 

26 MMbyf4lcohol 

27 ^Ihylakohoi 

28 AmmoiM 

29 SuWmf* 

30 Hydrogtn tulfido 

31 Sulfur VIkMidt 

32 WaltrvApor 

33 Air 
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Air = 
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1.0000 
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2016 


0.0053 


187 723 


00696 


0. 


32 00 


0.0646 


II 819 


I.I0<>3 


N. 


26.01 


00744 


13.443 


09718 


CO 


26 01 


0.0740 


13S06 


0.9672 


CO, 


44.01 


0.1170 


8.548 


1.5282 



CH4 

C,H. 

C,H. 

C<Hi# 

C<Hit 

CfMii 

CfHii 

CtHit 

C^Hm 



C,H« 
C1H4 

C^H. 
CfHit 



C4M4 

CH. 
C«H|» 



C,H, 

CH.OH 
C.H.OH 



S 

H.S 
50, 
HiO 



16.04 
30.07 
44.09 
58.12 
58 12 
72.15 
72 15 
72.15 
86.17 



28.05 
42.06 
56.10 
56.10 
70.13 



0.0425 
0.0803 
0.1196 
0.1562 
0.1582 
0.1904 
0.1904 
0.1904 
0.2274 



0.0742 
OHIO 
0.1480 
0.1480 



23.552 
12.455 
8365 
6.321 
6 321 
5.252 
5.252 
5.252 
4.390 



13.475 
9.007 
6.756 
6.756 
5.400 



05543 
1.0488 
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2.0665 
2.0665 
2.4872 
2.4872 
2.4872 
2.9704 



0.9740 
1.4504 
1.9336 
1.9336 
24190 



s. 



78.11 
92.13 
106.16 



26.04 
128.16 
32 04 
46.07 
17.03 

32.06 
3408 
64.06 
18.02 



0.2060 
0.2431 
0.2803 



0.0697, 
0.3384 
0.0846 
01216 
0.0456 



0.0911 
0.1733 
00476 
0.81766 



4.852 2.6920 
4.113 3.1760 
3.567 3.6618 



14.344 

2.955 
11820 

8.221 
21.914 



10.979 
5.770 
21.017 
13 063 



0.9107 
4.4208 
1.1052 
1.5890 
0.5961 



1.1898 
2.2640 
0.6215 
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Htal of C<Mnbuslion 
Blu p«r Cu Fl Blu p«r tb 
Gross Net Gross Nel 
(High) (Low) (High) (Low) 



- \- 14.093 14.093 
325 275 61.095 51.623 



321 321 4.347 4.347 



1012 
^773 
2524 
3271 
3261 
4020 
4011 
3994 
4768 



911 
1622 
2322 
3018 
3009 
3717 
3708 
3692 
4415 



23.875 
22.323 
21.669 
21.321 
21.271 
21.095 
21.047 
20.978 
20.966 



1604 1503 

2340 2188 

3084 2885 

3069 2868 

3837 3585 



21.636 
21.048 
20.854 
20.737 
20.720 



21.495 
20.418 
19.937 
19.678 
19.628 
19.507 
19.459 
19.390 
19.415 

20.275 
19.687 
19.493 
19.376 
19.359 



3752 3601 18.184 17.451 
4486 4285 18.501 17.672 
5230 4980 18,650 17.760 



1477 1426 

^54 5654 

868 767 

1600 1449 

441 364 



646 595 



21,502 
17.303 
10.258 
13.161 
9.667 

V 

3.960 
7,097 



20.769 
16.708 

9.066 
11.917 

41(985 

3.980 
6.537 



For 100% Total Air 
'Molas p«r molt ol CombusliM* or . 
Cu Ft per Cu Fl of Combusllbt* 
Requked 

for Combustion Flue Products 
O, N. Air . COi h;0 N, 

1.0 376 4.76 1.0 - 376 
05 r88 2.38 - 1.0 1 88 



0 5 1.88 2.38 1.0 - 1 88 



20 
3.5 
5.0 
6.5 
6.5 
8.0 
8.0 
80 
9.5 



3.0 
4.5 
6.0 
6.0 

7.5 



7.53 
13.18 
18.82 
24.47 
2447 
30II 
30.11 
30.11 
3576 



11.29 
1694 
22.59 
22.59 
28.23 



9.53 
16.68 
23.82 
30.97 
30.97 
38.11 
38.11 
38.11 
45.26 



14.29 
21.44 

28.59 
1^8.59 
35.73 



1.0^2.0 
2.0 3.0 
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4.0 
5.0 
5.0 
5.0 
6.0 



4.0 
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5.0 
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6.0 
6.0 
7.0 



7.5 28.23 35.73 
9.0 33.88 42 88 
10.5 . 39.52 50.02 
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10 

1.5 
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1^.65 7.15 
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5.0 
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2.0 
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3011 
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11.29 
16.94 
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22.99 



3.0 28.23 
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5.0 3* 52 . 



1,0 
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2.0 
3Q 
1.5 



10 



9.41 
45.17 

5.69 
11.29 

3.32 

3.76 
5.65 



For 100% Total Air 
Lb per Lb of Cdmbustlble 
" \ Required 

I4r Combustion Flue Products 
0i N| Air CO, H,0 N, 



2.66 8 86 11.53 3 66 - 8 86 
7.94 264 1 34.34 - 8 94 26 41 



OS7 1.90 2.47 1.57 - 



3.73 
3.63 
3.58 
3.58 
3.55 
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3.55 
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3.42 

3.42 
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3.42 
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1.41 
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11.61 
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16.12 
15.70 
15.49 
15.49 
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13.30 
13.53 
13.70 
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2.99 
3.03 
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3.05 
3.06 



3.14 
3.14 
3.14 
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3.14 
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180 
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1.55 
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11.39 
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4.98 
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1.00 3 29 4.29 2 00 - 3 29 
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Attachment 2-2. Ideal (perfect) gas law 



=R 

T 



1 



where p = absolute pressure 
v*=molal volume 

T=absolute temperature 

, /J ^universai gas constant 



Selected values of R : 



. -if 




/?= 1545.33 



Jt-Jbj_ 



10 



lb - mote °R 



psia -ft 

73 * y 



lb -mole °R 



lb -mole m 



1.987 



82.06 



g-mole °K 



atm - cm^ 



8.315 



g-mole °K 
Pa-m^ 



kg -mole 



V 



Attachment Molar volumes of ideal gases at standard conditions 



Standards 



Temperature 
Pressure " 
Molar Volume 



Universal 
Scientific 



0*H> - 273.00 K 
1 atm - 1.013 X 105 Pa 
22.4 litre/g- mole 
22.4 m^/kg mole 

359 ftVlb-mole 



Natural Gas 
^ Industry 



60 op (520 R) 
30 in. Hg 



379 ftS/lb -mo/e 



Attachment 2-4 « Temperature effect on limits of 
flammability in air^ 




1^ The flammable region to the left of the saturated vapor-air mixture 
curve tontaftis droplets of the liquid combustible (mist) suspended in 
^ a vapor-air mixture. 

. 2. A non-flammable mixture (at point A) may become^flammable if ifc 
temperature is elevated sufficiently (to Point B) by a localhed energy 
source, " 



Attachment 2-5. Limits of nammability,^ lower temperature limits 
(Tl), and autoignition temperatures (AIT) for selected substances^ 
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ir-jButane 
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Charcoal 

Bituminous Coal 

Semibituminous Coal 

Anthracite 
Carbon Monoxide 
Ethane 
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Gasoline 
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Hydrogen Sulfide 
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Methyl Alcohol 
Propane 

Sulfur * 



Formula 
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C4H10 

C 



CO 
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CH3OH 
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12.4 


~ 130 


515 




1? 




365 


2.7 . ' 


3$ 




490 


1.2 


7.1 




270 440 
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-102 
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\ 2.0. 
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V V 





aFlammability is for mixtures of combustibles in air at s^ndard pressure and temperature. 



Attachment 2-6. Juriiace bieat balance relations 



Part 2-6.a 



Part 2-«.b 



Part 2-6.C 



Part 2-6.d 
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OUT: 

^ Flue product! 
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I - > 



' PkODUCTS 
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GROSS HEATING VALUE 
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Attachment 2-7« Heat cintents of various gases and water vapor ^ 
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Attachment 2-8. Comparison of pure hydrocarbon fuels in perfect 

combustion ^ 



no 
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AtUchment 2-9, .Available heats for some typical fuels'* 



) 



Tl I I I I I M I I I I 

— Availablr-Hicats for 

some typical fuels 




1, ^ 



SOJ^eOO 900 1200 1500 1800 .2100 2400 2700 5000 
Flue gu cut tempemture ®F 



Note: Fuel* lirted above are identified by their gro» heating vaiuet. The turn of the nK»ture lo« 
and the diV ilue gat \od at any particular exit ga» temperature may be evaluated by lubtracung the 
available liat from the gftm heating value. Note that aU aviUable heat figuret arc ba^ uppn 
perfect combustion and a fiiel input temjperature of 60'F. The Kalet on the left tide of this chart 
are for the iolid curves. The teaks on the right are for the dashed curves. 
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Attachment 2-10. Generalized available heat chart for all fuels at 
various flue gas temperatures and various excess combustion air"^ 

(Refer to 60*F) 




This chart is only applicable to cases in which therein no un^rned fuel in the 
products of combustion. ^ 

The average temperature of the hot mixture just beyond^the end of the flame may 
be read at the point where the appropriate % excess air curve intersects the zero 
available heat line. ' 

/ 



2-23 3^ 



V 



t 



Attachment 2-11. Variation in furnace losses with air-to-fuel ratio^ 
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Attachment 2-12. Rate of chemical reactions 



Reactants 



Activated 
complex 



Products 



C + D 




V 



Rate: R-»-k(A][B] 

1 

React, vcl. const. t • function ol 



No. of molf((:ulcf 
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Atta(;hmcnt 2-1 S. Temperature effect on reaction rate 
Arrhcnius equation: 




Logk 



Where: 

k ■ Reaction velocity comunt 

a « Frequency 

AE ■ AV:tivation energy 

R « Gm consunt 

T ■ Abtolute temperature 
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Chapter 3 

Fuel Properties 



INTRODUCTION 



This chapter prcsent$ the various physical andKhcmical properties of fuels usecTin. 
stationary combustion equipment. The three dominant fuels are coal, fuel oil, ancK 
natural gas; however, there arc a number of other fuels which air important in 
particular industries and regions. 

Fjiiels typically are classified as solid, liquid, and gaseouj^ fuel. Gaseous fuels have 
an .advantage, in that their rate of combustion is rapid, being fundamentally 
lifnited by the diffusion or mincing of air (oxygen) with the gas. 

Liquid fuelslburn in a gaseous form, therefore the .rate of combustion of liquid 
fuels is lirrlited by their rate of evaporation (or distillation). Some liquid fuels are 
very volatile (vaporize easily) *and others, such as No. 6 fuel oil, require special con^ 
ditioning. \^ ^ * 

Solid fuels burning is limited by two phenomena. The volatile matter fraction of 
a solid fuel is distilled o^f and burns as a gas. The remaining fixed-carbon fraction 
burns as a sofid, with the rate of combustion limited by the diffusion of oxygen to 
the surface. * 

Fi^el properties are important Variables influencing both combystion design and 
various op<?rational considerations. Complete combustion, with the lowest practical 
ai|iount of excess air (maximum fu^l aponomy) and the lowest emission of air 
pl^llutant3, requires control of fuel properties, as well as other parameters. 
V The heating value of fuels may be determined experimentally in devices ;which 
operate at either constant volume (bomb calorimeter) or constant pressure (con- 
tibuous flow gas calorimeter). Because of the possible loss of energy due to expan- 
ding gases, the constant volume values may be higher than constant pressure 
values. . Vj 

The higher heating value (also called the gross heat of conibustion, and the total 
heat of combustion) is the me?isured energy release (Btu/lb or Btu/gal) when pro; 
ducts of combustion are cooled to standard temperature and the water vapor is 
condensed. 

The tosyer heating value is energy released when products or^rombustion are 
cooled to standard tenipa|Uure, and all .water is vapor. This value is computed 
from the experimentalldHBrmin^d hig^ier heatinc value. > 

The lower .flammaby^^Kr explosive) limit is theminimum concentration (% 
v6lume) of gaSes or v2(flPM|:air bdow which flame propogation will not occur. 
There is also a maxima™ on coftccintration of gases or vapors in air above 
w^ch flame propagation wlijl^lnot occur. A mixture between the lower.and upper 
flliflimability limits will suppqrt a flame or explode! Typical safe practice is to 



1 

maintain waste gas or vapor cone <MUrat ions at loss than 25% of the Iowcm flanv 
mabihty limit. It is important to provide oxygen-free storage with dehvery ol the 
nxaterial to a combustion system where oxygen is added and the combustion con- 
trolled. The lack of homogeneity within a mixture can result in localized explosive 
conditions although the average concentration would appi'ar to be safe. 

Gmteous Fueb 

Gaseous fuels are composed of mixtures pf gaseous components as illustrated in 
Attachment 3-1. Natural gas is the typical gaseous fuel burned. It has a higher 
heating value (around 1,000 Btu/scf) which depends on the chemical composition 
(or the source). Methane is the primary constituent of natural gas. 

-Natural gas is thought of as a sulfur-free fueL However , as it eomes from the 
well, natural gas may contain sulfur (mercaptans and hydrogen sulfide) and will be 
"sour." Through^a refining process, the sulfur products are removed, and the gas is 
then called "sweet. " 

Liquefied ^troleum gas (LPG) is a group of hydrocarbon materials which are 
gaseous under normal atmospheric conditions. However, they may be liquefied 
under moderate pressure (80 to 200 psig). This is a considerable advantage in ship- 
ping considerations, because the chemical energy storage on a volume basis is con- 
siderably increased. LPG is composed of blends of paraffinic (saturated) hydrocar- , 
bons such as propane, isobutane, and normal butane. These are gases which are 
derived from natural gas or from petroleum refinery operations. 

ReHnery/gas is a byproduct blend of gases typically produced in a petroleum 
refinery and used for process heating. The heating value and composition may vary 
widelyr^epending on the particular refining process. 

Coke oven gas, illustrated in Attachment 3 2, is one of the gaseous fuels d^ved 
from coal. Coke oven gas is giyen off from bituminous coal in the coke carboniza- 
tion process (at high temperatjmres in the absence of air). The properties of coke 
oven gas vary with the coal, temperature, time, and the other conditions of the 
operation. Typically coke oven gas has heating values which range from 450 to 650 

Producer gas is derived from the partial oxidation of coal or coke. Typical 
heating values range fromQ40 to 180 Btu/scf. 

Other synthetic gases useoin petroleum and metkllufgical operations include 
carburetted water gas, regenerator waste gas, and blast furnace gas. 

Liquid Fuels 

Naturally occurrii^ crude oil, although combustible, is refined into various petro- 
chemical products for economic and combustion safety reasons. In addition to fuel 
oils, various gasolines, solvents, and chemicals are produced from distillation, 
cracking, afid reforming processes. f> 

The standaM grades of fuel oils for stationary combustion equipment are 
described in Attachment 3-S. Note that No. 2 fuel oil is the distillate oil commonly 
used for dometitic heating purp6ses, and that No. 6 fuel oil (Bunker C) is tised 
primarily in industrial heating and power generating. Hoptmple properties for each 
grilde are in Attachment S-4» ■ r ^ 



^An important property of fuel oils is specific gravity, the ratio of the weigh> of a 
volume of oil at f>0*^F to the weight of an ecjual volume of water. Spec ific gravity is 
importaiu because it provides an indication of the chemical comp9«5ition and 
heating value of the oil. As the hydrogen content increases, the specific gravity 
decreases, the combustion^energy released per pound increases, hut the ene^i^y 
released per gallon decreases. , 

For example, refer to Attachment 3-5 and consider a No, 6 fuel oil having a 
specific gravity of 0,9861. The total heat of combustion is 18.640 Btu/Ib, A No. 2 
fuel oil having a specific gravity of 0.8654 would have 19,490 Btu/lb. The dy^scr 
fuel oil has a lower hydrogen content and a smaller heating value on a mass oasis. 
However, on a volume basis (Btu/gal at 60^F) the No. 6 has a higher value. 

Instead of specific gravity, the API degree scale is commohly used Tn oil 
specifications, h is inversely related to the specific gravity at 60 °F: 

Degrees API ^-JS- 131.5 

sp. gr. @60»F 

The flaslr^mt is an important safety related property, it is the lowest 
temperature ai^Vhich an oil gives off sufficient vapor to cause a flash or explosion 
when a flame is brought near the oil surface. The concern about flash point is 
illustrated by the Tact that No. 6 fuel oil typically is heated (for pumping or atomiz- 
ing reasons) to a tenlperature (up to 21Q°F) which is higher than the flash point of 
a No. 2 fuel oil (lOO^F). If a No. 2 oil were placed in the tank foj^o. 6 oil, and if 
the heaters accidentally wer^ not disabled, a serious explosion cMTd occur. Explo- 
sions of this type were recorded wl)|bn units^ formerly burning{^No,6 wete converted, 
because of air pollution concerns, to burn No.c, 

viscosity is the measures^f a fluid s internal friction or resistance to flow. As - 
illustrated in Attachment S-6, viscosity is reduced as the temperature is increased*. 
Various standard experimental measurement techniques have been adopted, for 
viscosity. The Saybolt Universal Scale (SUS) ^nd Say bolt Furol Scale (SFS) indicate 
the length of time required for a given quantity of oil to pass through a particular 
sized orifice. A sample of oil at a given temperature will have a lower SFS value 
than SUS, because the orifice size of the Furol test is-mu(ch larger. Note that the 
vertical scale of Attachment 5-6 has been made non-linear. Ttiis assists one in 
approxiAiating the viscosi ty/ tempera tt^re change of a given oil (by locating a given 
viscosity/ temperature point and projecting a line through the point, parallel to the 
sloping lines* shown). * ^ - 

If a No.5 or No. 6 fuel oil has too high a viscosity when it reaches the atomizer, 
the^ droplets formed will be too large. Incomplete combustion can occur, because 
larger drops may hot have enough time to burn because of an inadequate rate of 
evaporatipn. The evaporation rate depends on the total ajrea ayailable, and big 
drops have itiiicli less total area than would' many small drops of an equivalent 
total mass. \ 

Sulfur in fuel oil is a primary air pollution concern, in that most of the -fuel • 
sulfur becomes SO2 which is emitted with the flue gas. Some of the sulfur, 
however, may prpdtice aicidic^ emissions which cause dew-point problems and corro- 
sion of the metal furnace surfaces (economi?ers, air heaters, ducts, etc.) Sulfur can 



br removed from fuel qil by refiningipperations. Other irAcr elements whit h may 
be contained in fuel oils are vanadium and sodium. The influences of these 
mateirials on air pollution emissions will be discussed in Chapter 8< 

Diesel fueb classified as ip, 2D, and.4D are very similar to No.l. 2, and 4 fuel 
oik respectively, as can be surmised from Attachment S-7. In many situations they 
may be utedlinterchangeably. The main difference arises from the necessity for 
greater unifonnity in diescl fuels, which is obtained by specifying cetane rating, 
sulfur, and^h restrictions for diesel operation. 

The cetane number is one measure of the auto-ignition quality of fuels for diesel 
(compreiiion ignition) engines. Most high-speed diesels require fuels with cetane 
values from 50 to 60. Cetane ratings below 40 may cause exhaust smoke, increased 
fiiel comumption, and loss xrf iiuwcr fSV * 

Smoke and exhaust oidor Are directly affected by fuel volatility. The more volatile 
diesel fuels vaporize rapidly and mix better in the combustion zone. The distillation 
temperatures for different fractions of the fuel provide an indication of fuel 
volatility. A low 50% distillation temperature will prevent smoke, and a low 90° 
distillation temperature (e.g. 575'**F) will ensure low carbon residuak (3). End point 
distillation temperatures less than 700°F=4j|i« desirable. 

Stationary gas turbines are desljpned for constant speed and operation and^ay 
be designed to bum gas or a distillate fuel oil such as No. 2 or 2D. Larger units arc 
designed to bum hpavy residual oils. The major requirements arc for the fuel and 
products of combustion to be nondepositing and noncorrosive. 

For variable-speed and variable-load gas turbines special fuel specifications are 
required. Kerosene is the general fuel commonly used for such applications. It has 
an endpoint temperature of 572 °F (max), a flash point of 121 (min), and a very 
low aromatic content. It is similar to the Jet A and JP-1 fuels, as indicated in At- 
tachment 5-8. Aircraft turbojets operate at high altitudes with low air 
temperatures; therefore, fuel freezing, volatility, and boiling temperatures are im- 
portant requirements (4). - f . 



Solid Fueb / 

Coal if the most abundant energy reioi^rce of the USA. Unfortunately, coal is a 
fuel which' may have high nitrogea, sulfur, and ash content, relative to other fuels. 
Control of air pollution emissions from coal may include the techniques of fuel 
modification, combustion modification, and flue gas cleaning. 

> As illustrated ift Attachment 5-9 and 5-10, coal is generally classified as an- 
thracite, bituminom, subbituminous. or lignite. Anthracite coal has the highest fixed 
carbon, and lignite coals have the lowest calorific value, as shown ty example in 
Attachment S-11. 

Because the compoaition and |)roperties of coal are variable, depending on the 
source, standard sampling and laboratory procedures have been established by 
ASTM.; • ' 

Aa illustrated in Attachment 5-12, the ultimate analysis provides the percentage 
by weight of eliemental 'carbon, hydrogen, nitrogen, oxygen, sulfur, and total ash in 
die qiMU/ The proidmftte analysis provides the fractions of a coal sample that are* 
m<i!iituite, yplatile |batter,^f^^ and ash. In addition, the heating value is 

■typicaUy hiclu^ed.,,; - .^^^ , ^ ^ 46 : ^ 



• * \ 

• ( 

The above -men tidncd coal analysis may be given on an "as received*' basis. 
However, a **moisture free * or "dry** l)asis removes the inlluenc e ol moisture from 
the tabulated numbers, thereby removing a variable which changes with handling 
and exposure conditions. 

Surface moisture is the moisture (percent |>y weight) of coal which is removed by 
drying in air at 18 to 27 °F (10 to 15^0) above rtxmi temperature. The "total 
moisture" includes the surface moisturt! and. the moisture removed by oven drying 
at 216 to 230^F (104 to llO^C) for one hour. However, the ' total moisture" does 
not include water decomposition (combined water) and water of hydration, which 
are part of th^olatile matter in the proximate analysis and part of the hydrogen 
and oxygen content in the ultimate analysis. I 

Volatile matter is the gaseous material driven off when coal is heated to a stan- ^ 
dard temperature^. It is composed of hydrocarbons and other gases from distillation 
and decomposition. 

Fixed carbon is the combustible fraction remaining after the volatiles are 
removed. The ash is the noncombustible residue remaining after complete combus- 
tion of the coal. This is not to be confused with fly ash. which is airborne par- 
ticulate composed of both ash and some combustible material (carbon). 

Sulfur in coal is in both organic and inorganic forms. Inorganic forms include 
.meVal sulfides (pyrite and marcasite) and metal sulfates (gypsum and barite). 
About half bf the sulfur in coal is in pyritic form and half is organic. Pyrite is a 
dense, small crystal which may be^ removed mechanically b)^ gravlrnetric techni- 
ques. Organic sulfur is more difficult (expensive) to remove. 

Ash-softenings temperature is used to identify coal likely to form clinkers on thp 
fuel bed and slag on boiler tubes and superheaters. A low ash -fusion temperature is 
desirable for removal of ash from slagging (wet bottom) furnaces. 

Caking coals have a high agglomerating index and burn poorly on a grate 
because they become plastic and fuse together. On the ojther hand, free burning 
coals bum as separate pieces of fuel' without agglomerating. 

Grindability index measures the ease of pulverizing coal. The free-swelling index 
is a measure of tlyc behavior of rapidly heated co^l whic^ provides an indication of 
the tendency of coal to coke. * . * 

Coke is a porous fuel formed by destructive heating of coal in the absence of air. 
Attachment 3-13 illustrates the fafct that the properties of coke depend on the cok- 
ing operational conditions. 

Petroleum coke, coal tar (liquid), and coal tar pitch ajre other by-product fuels 
which may be burned in industrial boilers. 

Wood is. composed mainly of cellulose and water. Wet wood, wood chips, saw 
dust/ bark, and hogged fuel have a wide range of moisture contents from 4 to 
75%, as illustrated in Attachments 8-14 and 3-15. Special drying or blending 
maybe required for proper combustion of wood wastes. } ^ 

oagasse is fibrous sugar cane stalk (after sugar juices are jttmoved). Bagasse has 
high moisture (40 to 60%) and relatively high ash due tp si^picked up in 
harvesting (see Attachment 3jJ6). 



V Municipal solid wiM»tc is a fuel ofien used for pn^rkH^iiiiLof steam. Except lot the 

\^ i^^ncc of glWand^mctals. solid waste is v^ry similar to hogged wood fuel. The 
N»inpo8ition of municipal wastes vary con8idcraWy-<the i|ioisture varies particularly 

witii exposure). Averaffc values of composition and analysis are presented in ' 

Attachment 3^7. \ * 
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Attachment 3-L Analyses of samples of natural gas^ 



' Sample No. 
Source of Gaf 



1 



2 

So, CM. 



3 

Ohio 
%- 



U. 



5 

OUa. 



■ GonttttiMntpp ^ by vol 
H2 Hydrogen 
, CH4 Mediane 
CsHi Etfiyfene 

Ethue 
CP Carbon monoxide 
CirboQ dioxide 
Nitrogen 
Oxygen 

Hydrogen sulfide 
Ultimate* % by .wt 
- Sulfur 
Hydrogen 
Carbon 
^N^jNItrogen 
Oxygen 

Specific gravity (rd to 1^) 

Hitler heat value 

Btu/cu ft • aOF ft Sa in. Hg A 
Btu/lb offuel . . \ 



CO2 
Na 

O2 
H3S 



N2 



83.40 
15^ 



MOO 

0.70 
0.50 



0.80 I 0.50 

•I V Z 




23.30 
74.72 

0. 76 

1. £2 

0.030 

1^10 
22.004 



1.82 
03.33 
0.29 

0.45 
0.22 
3.40 
0.35 
0.18 

0.34 
23.20 
00.12 

!:S 

OJ507 

064 

22,077 



90.00 
5.00 

"7". 

5.00 



64.10 

6.70 

0.80 
8.40 



22.68 
69.26 
. 8.06 

1.002 
21.824 



' 20.Q5 
64.84 
12.90 

^0.630 

974 
20.160 
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AtUchmcnt 5-2. Selected analysis, of gaseous fuels derived from coal? 



- Analyse*, % by^ol ^ 


Coke-oven 
gas 


Blast-furnace 
gas 


■ ■ > 

Garbureieii 
water gas 


^Producer 
, gas 


\ ^* ' 
H2 Hydrogen 

CH4 ' Methane 

C2H4 ECfiyfene 

CO Carbon monoxide 

CO2 Carbon dioxide " 

N2 Nitrogen 

O2 Oxygen 

C5H5 Ben?.cnc 

H2O Water 

Specific gfravity 

(relative to air) 
Higher heat value— Btu/cu ft 
® 60F & SOin. Hg 
® 80F & SOin. Hg 


47.9%. 
SS.9 

5.2 

6.1 

ye \ 

3.7 
0.6 

4- 

0.413 
590 


. } 2.4% 
0.1 

23.3 
14.4 
56.4 

3.4 
l!bl5 

8 J. 8 


32.0 
.-4.5 '^^ 
6.5 
0.7 
2.5 

o.We^ 
554 


14,0% 

^ 3.0 
* • 

27.0 

4.5 ' 
50.9 

0.6 

0.857 ' 
163 



X 



Reprinted with permisaion of Babcock 6i Wilcox ^ 



Attachment 5-3. Detailed requirements for fuel oils^ 
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Attachment S-4. Typical analyses and properties of fuel oils 



1 





^ 0« 


.lift, t 

rvtl ON 


^4 

iMl ON 


/ N«. S 


fMl ON 










llfM 
ttiiM j 






lifM 






OlMh 


Af 1 r«vi»v. 40 r 
%p%<\^ fr«vitv, 40 10 r 
i^Mf U t %m\\mn. 40 r 
Vlu«i., C«ntUhMi«l. 100 f 
VhcM., S«yW«ll UfiU., 100 f 


40 
01251 

4jro 

14 

51 

AtMi«ipH«fU 
Ajiw#iph#^l€ 
Tr«c« 

0 1 
02 
13 2 
,04.5 

1 ' Tr«c« 

1 137.000 


32 
0U94 
7204 
2.M 

35 

Atm«»#h«rU 
Atm«»pH«fU 
Tr#c« 
0 4-^7 
02 
12 7 
14.4 
Tr«c« 
^tmf^ — 
I4^>60 
r — V 


21 

o.wrt 

7 727 
15 0 
77 

10 
15 ffiifi. 
25 mlA. 

25 
0.4-1.5 
0.^ 
lit 
1410 
0.5 m«a- 

, yoo2 

/ 144.000 


17 ^ 
0f52f ( 
7f35 ^ 
900 
232 

30 

35 

130 
5.0 
2.0 
0.70 
11 7 
* •3.55. 
10 

005 
140.000 


o.mi 

170 
41 

100 

200 

120 
2.0 JUb. 

O.W\' 

10.> \ 
05.70 \ 
2 0 mmm.. 

• odi 

150.000 





Reprinted wit^ permission of Combmtion Engineering 



53 



3-10 



1^ 



Attachment 3-5. Gravities, densities, and heats of combustion of fuel oils<i 



VALUtyroR 10 to 49jiirr. api, inclusivc. reprinti d from burfau of standards 

MISCELLANEOUS PUBLICATION NO, 97, '-THCRMAL PROPCRTIES OF PEIRGLCUM PRODUCTS." 



GRAVITY AT 
40/60 F 



OCC 
API 



5 
b 
7 
8 
9 
10 
11 
12 
13 
14 
15 
lo 
17 
lU 
10 
20 
21 
22 
23 
24 
25 
2b 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

38 
39 

^41 

42 
43 
44- 
45 
46 
47 
46 
49 



SPECIFIC 
GRAVITY 



1.0366 

1-0291 
1.0217 
1.0143 
1.0071 
1.0000 
0.9930 
0.9861 
0.9792 
0.9725 
0.9659 
0.9593 
0.9529 
0.9465 
0.9402 
0.9340 
0.9279 
0.9218 
0.9159 
0.9100 
0.9042 
0.8984 
0.8927 
0.8871 
0.8816 
0.8762 
0.8708 
0. 8654 
0.8602 
0.855C 
0.8498 
0.8448 
0.8398 

0.8348 
0.8299 

0.8251 
0.8203 
0.8155 
0.8109. 
0.8063 
0.8017 
0.7972 
0.7927 
0.7883 
0.7839 



DENSITY 
AT 40 F 



LB PER 
CAL 



8.643 
8.580 
8.518 
8.457 
8.397 
8.337 
8.279 
8.221 
G.164 
^ 8.108 
8.053 



7, 
7, 
7. 
7, 
7, 
7, 
7, 
7, 
7. 



,998 
,944. 
,891 
,839 
,787 
,736 
,686 
,636 
,587 
7.538 
7.490 
7.443 
7.396 
7.350 

7.305 

7.260' 

7. 215 

7.171 

7.128 

7.085 

7,043 

7.001 

6.960 
6.920 
6.879 
6.839 
6.799 
6.760 
6.722 
6.684 
6.646 
6.609 
6.572 
6.536 



TOTAL HEAT OK COMBUSTION 
(At ConilonI Volum*) 



BTU 
PER LB 



18,250 

18,330 
18,390 
18,440 
18, m 
18,540 
16,590 
18,640 
18,6^0 
18,740 
10,790 
18, 840 
18,890 
18, 930 
18.980 
19.020 
19,060 
19,110 
19,150 
19,190 
19,230 
19,270 
19.310 
19,350 
19,380 
19,420 
19,450 
19,490 
19. 520 
19.560 
19,590 
9,620 
,650 
80 

19.720 
19.750 
19,780 
19.010 
19.830 
19,860 
19,890 
19,920 
19,940 
'19,970 
/ 20,000 



V. 



BTU PER 
CAL 
AT 60 F 



157,700 

157 , 300 
156,600 
155.900 
155,300 
154,600 
153,900 
153,300 
152,600 
152,000 
151,300 
150,700 

,150,000 
149,400 
148,800 
148,100 
147.500 
146,800 
146,200 
145,600 

v,145,000 
144,300 
143,700 
143,100 
142,500 
141,800 
141,200 
140,600 
140,000 
139,400 
138,800 
138,200 
137,600 

137,000 
136,100 

135,800 
135,200 
134,700 
134, UXX 
133,500 
132/'00 
132^00 
131,900 
*131,2Q0 
130,700 



CAL PER C 



10, 140 

10, 180 
10,210 
10,240 
10,270 
1U,300 
10,330 
10,3b0 
10,390 
10,410 
10,440 
1CU470 
10,490 
10,520 
10,540 

.10,570 
10,590 
10.620 
10,640 
10,660 
10,680 

10,710 

io,7ao 

10,750 
10,770 
10,790 
10,810 
10,830 
10,850 
10,860 
10,880 
10,900 
10,920 

10,940 
10,950 

10,970 
10,990 

11,000 
11,020 
11,030 
11,050 
11,070 
11,080 
11,100 
11,110 



NET HEAT OF COMBUSTION 
(Al Contt«Al Pr«»tur«) 



BTU PER LB 



17,290 

17 , 340 

17,390 

17,440 

17,490 

17,540 

17,580 

17,620 

17,670 

17,710 

17,750 

17,790 

17,820 

17,860 

17,900 

17.930 

17,9)0 

18,000 

18,030 

18,070 

18,100 

18,130 

18,160 

18,190 

18,220 

18,250 

18,280 

18,310 

18,330- 

10,360 

18,390 

10,410 

18,430 

18,460 
10,480 

18,510 
18,530 

18,560 
10,580 
18,600 
10,620 
18,640 
18,660 
18,h80 
lOJOO 



BTU ^ER 

CAL 
AT 60 F 


CAL 


PER 


1 A Q 


4UU 


9 


,bl0 






9, 


,650 


1 in 


inn 
lUU 


9 


,670 


14 1 , 


JUU 


9 


,700 


1 K> , 


VUO 


9 


,720 


1 i4A 

14o , 


^UU 


9 


,740 


1 4 J 1 


OUU 


9 


,770 


1 4 \ 

144 ^ 


Cir\r\ 
VUU 


9 


,790 


114, 


•lUU 


9 


,810 


i4J , 


Ann 

ouu 


9 


,840 


144 , 


onn 


9, 


,8oQ 


144. y 




9, 


880 


141 , 


600 


9, 


900 


1 tn 

14U , 


onn 


. 9, 


920 


1 4 n 
14U, 


mn 


9, 


940 


1 OA 


^oo 




%0 


1 on 


000 


V, 


%o 


1 0 o 

138, 


0 AA 

300 




000 


1 IT 

137, 


1 00 




>02a 


1 17 
1 J ( , 


inn 
lOU 




04^ 


IJO 5 


4nn 
40U 


10, 


Oi.0 


IOC 

135, 


800 


10, 


070 


1 


JOO 


40, 


Of'O 


1 'I 4 
la4 J 


Ann 
ouu 




110 


111 
1 JJ 


vuu 


10, 


120" 


133, 


300 


10, 


140 


132 


700 


10, 


150 


132. 


100 


10 


170 


131 


,500 


10, 


160 


130, 


900 


10, 


200 


130, 


300 


10. 


.210 


129 


,700 


10, 


230 


129 


100 


10, 


240 


128, 


500 


10, 


260 


127, 


900 


10, 


270 


127, 


300 


10, 


200 


126, 


700 


10, 


3U0 


126 


200 


10, 


310 


125. 


600 


10, 


320 


125 


,000 


10, 


330 


124 


,400 . 


. 10, 


,340 


123 


.900 


10, 


360 


123 


,300 


10 


370 


122 


,000 


10 


,380 


122 


,200 


10 


,390 



3 11 
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Atuchmcnt 3-6. Approximate viscosity of fuel 




Temperature (degreesjF^renheit) 



\ 



Attachment 3-7. Diesel fuel oil specifications^ 

— ^ — ^ — , 



R-Cci u i rem ^ n ti 


Diitillate fuel oils 


4 


4D 


Residual fuel oils 


1 


ID 


2 


2D 


5 


6 


Cctanc rating, ir\in 




40 




40 




30 






Flash point, min. ®F 


100 


100 


100 


125 


130 


130 


130 


150 


f Pour point, max. ^'F 


0 




20 




20 








Viscosity, min -max. SU sct^ 100 ^F. . 


30 34 


30 34 


33 38 


33 45 


45 125 


45 125 


350 750 


900 9000 


APf mill ' i. . 


'35 


r ' 


30 












ASTM distillation, «F. 10%. max . 


120 












t 




90%, max, or min-max 


550 


550 


540 640 


540 675 










Con 10% bottoms, percent, mass. . . . 


0.15 


0.15 


0.35 


0.35 










Ash. percent, mass.,. 




0.01 




0 02 


0.10 


0.10 


0.10 




Water, sediment, percent, vol 


Trace 


Trace 


0.10 


0.10 


0.50 


0.50 


1.00 • 


2.00 


Sulfur, |>erccnt, mass 




0.50 




1.0 




2,0 







Attachment 3-8. Aviation turbine oils^ 



Requirement 


ASTM 


D1655 


Mil-J-5624 • 


MiI-F-4600A§ 


Designation 


Jet A 


Jet B 




JP3 


JP-4 


JP.5 


JP-6 


CM E ll 


Flash point, **F (min -max). . . . 


110150 




llO(min) 






I40(min) 






Freezing point, ®F(max) 


-40 + 




-76 • 


-76 


-55 


-65 


-67 




Gravity, API (min-max) 


39-5r 


45-57 


3.5(max) 


50-60 


45-57 


56-48 


37 50 




Vapor pressure, Reid psig 






















.0-3 




5-7 


2-3 






3 


Distillation, "^F 


















10 percent max 


400 




41)0 






400 




200 






290 




240 


290 










450 


370 




350 


370 






325 






470 


490 


470 


470 




♦ 






' 550 




572 






550 




550 


Heatmg value, lower, 


















(Btii/lbj^) min 


18.400 


18,400 


18.300 


18,400 


18,400 


18.300 


18.400 




Sulfur, (percent by massX"^^^) 


0.3 


O.S 


0.2 


0.4 


0.4 


0.4 


0\ 


0.4 


Smoke point, I mm (min) . . . . 


25 










20 






Aromatics, vol. percent, (max). 


20 


20 


20 


25 


25; 


25 


25 


25 


Potential gum. 








• 










mg/100n¥l(max) 


14 


14 


8 


14 


14 


14 


14 


.14 



f 



313 



55 
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Atuchment S-9. United States coal reserves by states, 1970^ (million tons) 









Unite 




Total 


AUmim ^ 


13^18 


' 0 ■ 


90 


0 


13.538 




19.415 


110.874 


0 


0 


130,089 


Aifamiaf 


1.040 


0 


350 . 


430 


' 2,420 


Cokmdo 


92^389 


184M8 


0 


78 


80,715 




18 


0 


0 


0 


18 


f|li«wii« 


130.758 




0 


0 


139,756 




34,779 


0 


. 0 




34,779 


Iowa 


6.519 


0 


0 


* 0 


6,519 




18.688 


0 


0 


0 


18,686 


Kmucky 


85.958 


0 


0 


0 


65,958 


Marybod 


1.172 


0 " 


0 


0 


1,172 




SOS 


0 


0 


0 


205 


MiMHifi 


23.359 


0 


0 


0 


23,359 


MontADA 


2.299 


131.877 


87.525 


0 


221,701 


Naw Meikxi 
Nortfi CaroUoa 


10.780 


50.715 


0 


♦ 4 


61,479 


110 


0 


. 0 


0 


110 


North Dtkota 


» 0 


0 


350,680 


0 , 


350.680 


Ohio 


41.882 


0 


0 


0 


41,862 


Oklahoma 


3.299 


0 


4> 


0 


3.i299 


Orefoo 


48 


284 


0 


0 


332 


Ptaasytruiia 


57.533 


0 


0 


12.117 


69,650 


South btkotft 


0 


0 


2,031 


0 


2,031 




.2.652 


■ 1t " 0 


0 


J 


2,652 


Teni 


6.048 


0 


6.878 




12,928 


Ulaji 


32.100 




0 


0 


^ 32,250 


Vlrgtnte 


9,712 


0 


Q 


335 


10,047 


Washington 


1.887 


4.194 


117 


5 


6.183 




102.034 


. 0 ' 


0 


0 


102.034 


Wyoming 


1S.6B9 


103,011 


0 


0 


120,710 


Othar Stataa 


018 


4.057 


48 


0 


4.721 


Total 








. i2.989 


1.559,881 



of MfaMi. 



Reprinted with permission of Babcock & Wilcox 
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Attachment 3-10. ASTM clarification of coals by rank2 



'4> 



Class 


Croup 


Fixed Carbon 

Limits. % 
iDry, MinerdiN 
Vlatter-Frec 
Buis) 


Volatile Matter 

Limits, % 
(Dry. Mineral- 
Matter-Free 
Basis) 


CaloHfic Value 
* Limits. Btu/lb 
(Moist.b 

MjneraNMattef- 
Free Basis) 


Agglonwrating 
Character 




Equal or 
Greater 
Than 


Less 
Than 


Greater 
Than 


Equal 

or Less 
.Than 


^tqual Or 
'Greater 
Than 


Less 
Than 




I. Anthmcitic 


1. Meta-andvacite 

2. Anthracite 

3. Seinianth^cite<: 


98 
.92 
86 


98 
92 


2 
8 


2 
8 
14 




- Z j 


" Nonagglomrrating 


II. Bituminous 


1. Low volatile bihimixiout coal 78 

2. Mediuni xpUtile bituminous coal 69 

3. High volatile A bituminous coal — 

4. High volatile B bituminous coal - ^ 

5. High volatile C bituminous coal — 


86 
78 
69 


14 
22 
31 


22 
31 


14,000<i 
^13,000^ 
J11.500 
\l0,500« 


> 

14,000 

13.000, 

11.50<t 


Commonly 
^ agglomerating* 

Agglomerating 


III. Subbihiminous 


1. Subbituminous A toal 

2. Subbituminous B coal 

3. Subbituminous C coal 










10.500 
9.500 
8.300 


11,500 >, 
10.500 
9,500 


>-NonagglomerBbng 


IV. Lignitic 


1. Lignite A 

2. Lignite B 










6.300 


8.300 
6.300 J 





•This classification does not include a few coals, brincipallv non- 
banded varieties, which have unusual physical and chemical jprop- 
trtes and which come within the limits of fixed carbon or caforinc 
value of the high-volatiLQj)itumfnous and subbituminous ranks. All 
pf these coals either^ntain less than 48% dry, mineral-mfittar- 
free fix^d carb«if7SHSave more than 15,500 moiit^ mineral-matter- 
free British thermal units per pound. 

^.Moist refers to coal containing its natural inherent moisture but 
oot including visible water oo die surface of the coal. 



elf agglomerating, classify in low-vblatile group of the bituminous 
class. ^ 

<i Coals having (99% gt move fixed carbon on the dry. mineral- 
matter^free Imis shall be classified according to fljced carbon, 
regardless of calorific value; ^ 

• It is recognized that there^iay be nonagfflomerating varieties in 
these groups of the bituminous class, and there are notable excep- 
tions in high volatile C bttuminous group. 



Reprinted with permission of Babcock & Wilcox 



Attachment 3-U. Selected coal analysis^ 



Goal 


Location 


Moisture 


Volatile 
Matter 


Fixed 
Carbon 


/ Ash 


Sulfur 


High 
Heating 
Value 


Anthracite 


Lackawanna Co. , PA 


2.5 


6.2 


79.4 


11.9 


oW' 


12,925 


LoW'Vol. Bituminous 


McDowell Co., WV 


1.0 


16.2 ' 


77.3 


5.1 


0.74 


14,715 


High-Vol. Bituminous 


Westmoreland Co., PA 


1.5 


30.7 


56.6 


11.2 


1.82 


13.325 


Subbituminous A 


Musselshell Co , MT ^ 


14.1 


32.2 


46.7 


7.0 


0.43 


11.140 


Subbituminous C 


Campbell Co:, WY 


31.0 


31.4 . 


32.8 


4.8 


0.55 


8,320 


Lignite A 


Mercer Co.; ND ' 


37.0 


37.0 


32.2 


4.2 


0.40 


7,255 



Reprinted with pertniMlpn of Bsbcock & Wilcox 



Attachment 3-12. Example coal analyses^ 



V 



Component 



Wcighi, % Component 



Weight, % Component 



Moisture (Frrq). 


2.5 


Moisture (Free) 


2.5 


Carbon 


Volatile matter 


' 37.6 


Carbon 


75.0 


Hydrogen 


Fixed carbon 


' 52.9 


Hydrogen 


5.0 . 


Sulfur 


A3h 


. 7.0 


Sulfur- 


2.3 


Nitrogen 


Total 


100.0 


Nitrogen 


1.5 


Oxygen 


Heating value. 




Oxygen 


6.7 ■ 


Ash 


^/Ib 


13.000 ' 


Ash 


7.0 


Total 




Total 


lOd.O 





Reprinted with permission of Babcock & Wilcox*^ 




Atuchment S-IS. Analyses of typical U.S. coke, as fired^ 



Ultimate amalyik 



H%h temperature co\f 


5.0 


1.3- 


83.7 


10.0 


5.0 


82.0 


^0.5 


0.8 


0.7 


1.0 


10.0 


inoo 


12095 


796 


10 7 


Low teApeiature coke 


t.8 


15.1 


Tt.Tv 


lOUU 


2.8 


74.5 


3.2 ^• 


1.8 


6.1 


1.6 


10.0 


11600 


11158 


765 


19.3 


Beehive coke 


0.5 


1.8 


86.0 


11.7 


0.5 


84.4 


0.7 


1.0 

I. 




1.2 


11.7 


11U7 


11453 


805 


10.5 


Byproduct coke 


0.8 


1.4 


87.1 , 


10.7 


0.8 


85.0 


0.7 


1.0 


0.5 


1.3* 


10.7 


11690 


11615 


801 


10.5 


High temp, coke bieese 


IS.O 


4.1 


65.8 


1^.0 


12.0 


66.8 


1.2 


0.6 


0.5 


0.9 \ 


18.0 


10100 


0960 


805 


to.i 


Gm wohm coke: horii. 














0.6 ^ 


















leiuiii 


0.8 


1.4 


88.0 


9.8 " 


0.8 


86.8 


07 


0.2 






11810 


11753 


807 


10.6 


Venkml letocji 


l.S 


t.5 


86.5 


9.9 


l.S 


85.4 


1.0 


0.7 


0.3 




11770 


11859, 


810 


10.4 


Narrow coke oveot 


0.7 


SO 


85.5 


11.0 


0.7 


84.6 


0.5 


0.7 


0.3 


/n.t 


11.0 


11650 


1M95 


801 


10.6 


Pcirofeum coka> 


Vi 


7.0 


90.7 


1.2 


1.1 


90.8 


5.2 


0.8 


2.1 


0.8 


1.2 


15060 


14737 


773 


19.5 


Pitch coke 


. O.J 


1.1 


97.6 


1.0 


0.5 


96.6 


0.6 


0.5 


• 0.3 


0.7 


1.0 

T— ^ 


14007 


14096 


813 


in. 7 




Reprinted with permiuion of Combustion Engineering 
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Attachment 3-14. Typical analyses of wood, dryl 



Prrccni by weight 



llc«uiif{ value 
Rtu per II). 




0 

t/3 C/) 



I 

5 



CM 

O 



04 



I 

X 



B 

5 i 



1 -s 



e 

CI 



8 K 



Sofiwoodi** 




















Crdai, whur 


48.80 


() 31 


44 47 




0 37 


8400* 


7780 


709 


20.2 


C'yprrss 


54 98 


6.541 


38.08 




0.40 


9870* 


9234 


712 


19 5 


Fir, Douglas 


52.3 


6 3 \ 


40 5 


0 1 


0.8 


9050 


8438 


719 


19 9 


Hniil^tk. Wrsirrn 


50.4 


. 4 H 


0 1 41 4 


0 1 


2 2 


8620 


ii0,'i6 


705 


20.4 


Ptnc. pitch 


59.00 


7 19 


32.68 




1.13 


11320' 


10620 


702 


18 7 


white 


52.55 


6.08 


41 25 




0.12 


8900* 


8308 


Itt 


20 2 


yellow 


-52.60 


7.02 


40.07 




1 31 


^9610* 


8927 


709 


19.2. 


Redwood 


53.5 


5.9 


40.3 


0.1 


0.2 


^8840 


8266 


"707 


20.2 


Hardwoodi** 




















Ash. white 


49.73 


6.93 


43 04 




0.30 


8920 • 


8246 


709 


19 5 


Beech 


51.64 


6.26 


41.45 




0.65 


8260' 


8151 


72!K 


20.1 


Birch , white 


.49.77 • 


6.49 


43.45 




0.29 


8650* 


8019 


714 


20.0 


Elm 


50.35 


6.57 


42.34 




0.74 


88 10* 


8171 


717 


19.8 


Hickory 


49.67 


6.49 


^ 4311 




0.73 


8670' 


8039 


712 


19.9 


Maple 


50.64 


6.02 


41.74 


0.25 


1 35 


8580 


7995 


719 


20.3 


Oak. black 


48.78 


6.09 


44.98 




0 15 


8180* 


7587 


713 


20.5 


red ' 


49.49 


6.62 


43.74 




0.15 


8690* 


8037 


711 


' 199 


white 


50.44 


W^59 


42.73 




0.24 


8810* 


8169 


713 


19.8 


Poplar 


51.64 


e.26 


41.45 




0.65 


8920» 


8511 


715 


20.0 



* Calculated from reported highc^r heating vafucLQtJ^tln dried wood auutned to contain eight percent moiiture. 

**The temu hard and soft wood, contrary to popular conception, have no reference to the actual hardness of the wood. 
According to the Wood Harndbook. prepared by the Forest Products Laboratory of the U.S. Department of Agriculture, 
hardwoods belong to the botanical grodp of tre« that are broad leaved whereas s6ftwoods belong to the group that have 
needle or s^alelike leaver, such as evergreens: cypress, larch and tamarack are exceptions. ' ** 



/ 

Reprinted with permission of Combustion Engineering 
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Attachment S-1 5. 'Analyses of ho8[ged fuels^ 







wcnern 




JriDC 


Undoffwl 


. ■ 


Hemlock 


Fir 


Sawdust 


Moisture M received 


Percent 


57.9 


S5!9 


_ 


Mottture^nir "dried 


I* 


7.-S 


6.5 


, 6.3 - 


Pnudmmte analytts. dry fuel 










Vobtile matter 


Percent 


74.2 


82.0 ^ 


79.4 


FUed curbon 


I* 


2S.6 


17.2 


20.1, 


Ath 

« 




2.2 


0.8 


0.5 


Ultimate aimlytis. dry fuel 










Hydrogen 


Ifercent 


5.8 


6.5 


6.5 


CarlNm 


I* 


50.4 


52.5 


51.8 


Nitrogen 


•1 


0.1 


0.1 


O.i 


Oxygen 


•1 


41,4 


40.5 


41.5 


Sulfur 


•1 


0.1 


0 ^ 


0 


Aih 




2.2 


0.8 


0.5 


Heating value, dry 


Btu per lb 


8620 


9050 


9150 



\ ■ . ■ 

Reprinted \witk pemiiMion of Combuttion Engineering 

\ 
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Attachment 3-16. Typical analyses of bagasse^ 







Prrctjnt by weight 




iicaiing value 
Btu per lb 


Atmot. air at 
lero emce« air 
lb per 10^ Btu 


CO2 at zero 
txcem air 
percent 


Carbon 

C 


Hydrof^n 
«2 . 


Oxygen 


Nitrogen 


Ath 


Higher 


Lower 


Cuba 


45.15 


6.00 


47-95 




2 90 


7985 


7402 


625 


21.0 


Hawaii 


46.20 


6.40 


45.9(5 




1.50 


8160 


7538 


687 


20.3 


Java 


46.03 


6.56 


45.55 


0.18 


1.68 


8681 


8043 


651 


20.1 


Mexico * 


47.^10 


6.0B 


35.30 




11.32 


9140 


8548 


667 


19 4 


Peru 


49.00 


5.89 


43.36 




1.75 


8380 


7807 


699 


20 Jb 


Pur no Rico 


44.21 


6.31 


47.72 


0.41 


1.35 


8386 


7773 


625 


20.5 



r 



^ Reprinted with permission of Combustion Engineering 



Atuchment 5-17. Composition and analyds of average municipal wasted 



Pment liolftoft 
ol all (psfCMt 



Analydf (|wicf nt dry weight) 



Calorific 
NoiMXftt- Ytlue 



Oo«poMat byFHfht wdfliO matter Carbon Hydn^fen Omyrn WiM^n SitUur buitibtoit> (Btit/lb) 



Aubblih, 64% 



Paper 


42.0 


10.2 


Wood 


^ 2.4 


r 20.0 


GraM 


4.0 


65.0 


Bnuh 


1.5 


40.0 


Greena 


1.5 


62.0 


Leavca 


5.0 


50.0 


Leather ^ 


0.3 


10.0 


Rubber 


0.6 


^^4.2 


Plaitica 


0.7 


2.0 


Oili. painu 


0.8 


0.0 


Linoleum 


< 0.1 


t.l 




• 0.6 


10.0 


Street awcepingt ^ 


3.0 


20.0 


bin 


1.0 


3.2 


Undaiaincd 


. 0.5 


4.0 



84.6 


43.4 


5.8 


44.3 ^ 


0.3 


9.20 


6.0 


84.9 


50.5 


6.0 


42.4 


0.2 


0.05 


1.0 




43.3 


6.0 


41.7 


2.2 


0.05 


6.8 




42.5 


5.9 


41.2 


2.0 


0.05 


S.3 


70.3 


40.3 


5.6 


39.0 


2.0 


0.05 


19.0 




40.5 


6.0 ' 


45.1 


0.2 


0.05 


8.2 


76.2 


60.0 


8.0 


11.5 


10.0 


0.40 


10.1 


85.0 


77.7 


10.4 






2.0 


10.0 




60.0 


7.2 


22.6 






10.2 




k6.9 


9.7 


'5.2 


2.0 




16.3 


65.8 


48.1 


5.3 


18.7 


0.1 


0.40 


274 


93.6 


55.0 


6.6 


31.2 


. 4.6 


0.13 


2.5 


67.4 


54.7 


4.8 


35.2 


0.1 


0.20 


25.0 


21.2 . 


^0.6 


2.6 


4.Q 


0.5 


0.01 


72.3 




16.6 


2.5 


18.4 


0.05 


0.05 


62.5 



7572 
8613 
769f 
7900 
^71 
7096 
8850 
11330 
143^ 
13400 
8B10 
7652 
6000 
3790 
5000 











Food wami» 12% 










Garbage 


10.0 
2.0 


72.0 
0.0 


5S.3 


45.0 6.4 28.8 
76.7 '12.1 11.2 


3.3 
0 


0.52 
0 


16.0 
0 


8484 

167,00 


^ Noacottbuitlblet, 1496 . 


MctaU 

Glais 9i ceramics 
Aihea 


8.0 
6.0 
10.0 


3.0 
2.0 
10.0 


0.5 

a.4 

3.0 


O.a 0.04 0.2 
0.6 . 0.03 0.1 
28.0 * 0.5 . 0.8 




1 

0.5 


99.0 
99.3 
70.2 


124 

65 
4172 


Coflipodte rpfufe» at rfcritad 


Allrtffuie 


100 


20.7 




28.0 3.5 22.4 


0.S8 


0.16 


24.9 


'6203 
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Ctvapter 4 

Combustion System Design 



INTRODUCTION ^ 

Combustion systems are normally designed for the conversion of fossil fuels or other 
combustible substances to forms of enerj^ more suitable for a particular end use 
and for the accomplishment of this conversion at the lowest possible cost. Such 
systems are many and varied, inlcuding steam ekctric power, plants, industrial 
boilers for process steam and by product electric power, recovery boilers in paper 
making, and dryers which use gaseous combustion produc^ts for drying veneer and 
agricultural crops, to name just a few. Combustion can be used for air polliHion 
abatement, through the use of direct flame and catalytic fume incinerators. ^ 
Incineration of sohd wastes and wood wastes is^ combustion application where 
waste disposal has been the primary intent, wifh energy utilization a secondary 
cosideration, at least in the past. 

The design of a combustion system includes the selection of a fuel and the hard 
ware in which the energy conversion is to be carried out for the particular 
.application. Many factors enter into the choiccfaofL the fuel, not the least of which is 
its availabiUty. The fuel, along with the method of energy utilization will then 
influence the type of hardware to be employed. The design proces^a complex 
one. involving thermodynamics, fluid mechanics, heat transfer, automatic control 
theory, and econornic considertion. Thermodynamic prinicples govern the basic 
energy release a»<f*utilization potential for each part as well as the system as a 
whole. Fluid mechanics will govern the fuel and gas flows which the system needs 
to handle in its varous parts. Fans must be sized to overcome the Resistance of gas 
flowTSl the operating temperatures and pressures. Flow resistance arises from the 
dissipation by turbulence, in addition to the fluid friction- at physical boundaries, 
such as walls of ducts, furnaces, heat transfer surfaces, and air quality control 
quipment. AH these equipment pieces must be integrated to produce a system of 
e most economic configuration within the imposed restraints of the desired 
energy conversion rate and the environmental quality. The economic consideration 
includes hardware first-cost, the availability and cost of the fuel, and other system 
operating and mainteriance costs. Careful consideration needss to be given to trade- 
offs between the capital and the operating costs, v 

-The purpose of this chapter is to develop a design methodology and to illustrate 
it with numerical examples where possible. We will not be concerned with the 
detailed design and sizing of the various parts of th? combustion installation. The 
following will l?c emphasized: 

a. The importance of establishing the operating temperatures, and 

b. Typical methods of heat utilization. 



The nomenclature used throughout the chapter is defined in Attachment 4-2. 



Detign Method^ology 

Design methodology is esscntialy a process whereby each of the several system com 
ponenu is sired and detailed. Against this backdrop of complexity suggesteJUbove. 
it is reasonable to ask what the flow diagram of the design process looks likc.Ajn 
general terms, such a flow-diagram niight include the following: ^ 

a. EJetenninc the quality and load characteristics of energy required. 

b. Select the kind of fuel or fujls to be burned. Identify probable sources 
along with any bulk storage requirements. 

c. Determine the combustion air requirements for proper burning of the 
selected fiid. ^ . 

d. Estimate the total gas flows generated by the combustioh. This determina- 
tion involves several secondary but important aspects. 

For example:. 

^. 1. Thermal efficiency of the unit is determined by minimizing the totajp,of 
the annual capital and operating cost. Whether, or not to include an 
economizer will be determined from an analysis of the return on the 

investment. . ^ * 

2. The amount of fuel to be burned and the combustion products • 

generated are determined from the useful energy to be generated and 

the efficiency of this conversioif process. 

e. Determine tihe required furnace volume and heat transfer, areas.. 

f. Layout the air distribution ducts and the fuel gas breaching. Size the fans 
and the stack. — 

- g. Identify and design any apparatus required to either prevent, or aba^e air 
pollution problems. 

• * * " • 

The' manner in which the above tasks are carried but is subject to wide variations 
from designer to designer. Selecteill p|rts of the above mentioned design process 
/^will be considered in the following sections. 

■ . .. , *) < ' . 

FnnuMX ^^.^^ • } ( 

Th^combuition chambtr is a volume where the fuel a|id air mixture (in proper 
proportion) is expoaed to an ignition source and burned. The residijnce time 
needed to achieve complete oxidation of the fuel depends on the temperature 
maintained in the combustion chamber, commonly referred to as the funiace. 
From the temperature effect on the reaction rate (see Chapter 2), we know that the 
higher the furnace temperature, the faster the oxidation reaction and hence the 
smaller the hirnvx would need to be. This size reduction, however, is limited by 
Charles' Law (tee p«ge 2-6). . 

Adiabatic fljune temperatures (sec page 2-8), which are the highest temperatures 
which may be theorttically attained in the furnace, are for most fuels considerably 
higher than the commonly used furnace materials can tolerate. Uncooled furAace 
walls constnjictcd of refractqily materials normally require the furnace gas ^ 
temp^tum not to ei^cecd 1,800 to 2,200<>F. Furnace temperature control, 
ei^eftfpre. takes on primary importance. Thw can be accomplished by^ 



Using excess air in amounts rnough to prodiur drsiuul trnipriadnr:^ ] 

b. Heat irnioval across heat transfer svn lat rs; oi 

c. Some combinatiory of a. and.b. 

The following ex^unple illustrates the furnace temperature < aU iilation 
prpeedures. ^ 

Example 4.1 — Furnace Temperatures 

Consider a furnaee burning No. 6 fuel oil fiaving a specific gravity of 0,986; a 
HHV of 18,640 Btu/Ib, and an ultimate analysis of 8r>.7%C, 10,5% H2. 0.92% - 

O2, 2,8% 5, 0,8% ash, and a net heating v^lue, H, of 17,620 Biu/lb. 

. > 

Det^mihe: 

. a. The furnace gas temperature with the following syvStiw design alternatives: 
Case 1. Adiabatic coml)ustjon (no loss or useful heat\^ransfW) with 
stoichiometric air; ' ^ 

Case 2. Stoichioriietric air, apd 5% energy loss from thc^ furnace to the 
surroundings. 

b. Excess air or heat transfer necessary to achieve 2,200°F furnace 
temperature: ^ 

Case 3. Excess air but ito heat transfer^other than 5% energy loss; 
Case 4. Excess air limited to 10%, 5% energy loss, and heat transfer is 
needed to limit the temperature to 2,200 ^F. 

Solution for Case 1 : " * 

First we need to determine the amount of stoichiometric (theoretical) air rai(Ciired 
for complete combustion. This calculation uses ^Equation 2.S (page 2-6). - 



(4.1) Oo 

11.53 C+34,34f//2— ; + 4. 29 S 

% 

* 

For^the No. .6 fuel oil given here, Equation 4.1 is \^ 

/f/= n.53(p^857) +34.34(0. 105 - -^)-f4.29(.028) ' 

' "'\ ~ .... ' . •■ ^ r. r ■ , ■ 

= 13.57i^ 
lb oil 

When a fuel jsJ^twned, mass must be conserved. It is possible then to predict the 
niass of combustion gayfrom the air required and /the combustible, matter actually 
burned. The mass^^>f-Hue gas prodiicedas therefore: / 



(4.2)^ mj- (mj— ) -{-^mi^Ai 



The noncombustibles. m„c- l^^'^c arr oithc. the ash ill fuel or tho ash toKCthoj wuh, 
the unburncd conibus iblc in sohd loim. Gaseous uiibu. .u'<l < o.npo.u .us wouHl K 
main part of the flue gas. With one pound of fuel as a basis (mf= V. ^o 
6 oil specified here becomes. 

» 

^ . , G = (l-..OO8)+(13.")''M.r.6'^^^'0~^ 

The mass of each individual gas in the product can be calculated, and an average 
or effective specific heat for the mixture can be computed. A value applicable to 
oil combustion ps temperatures is approximately 0.29 Bru/lb F. With t^iis value, 
one'can estimate the adiabatic flame temperatuift, /arf, trom 



(4.S) ' ^ n 

^< , . ' : G Cp 



,where ta is the combiustion air inyke temperature. For the oil under c6nsideration. 
/fl^ computed using Equation 4. ^with /a=*100°F is 

, .= + 100 = 4,270°?- 

"^"^ 14.57(0.29)' . ^ 

Note that this temperature is considerably greater than the furnace materials of 
construction can tol^^l^herefore, Case 1 is not a viable option. 

Solution -f err Casfe .2:, . ^ ' 
A second approach involves predicting the gas temperature when the system has . 
beat ^'ansTer losses te«tjje'|tructure and surroundings. Equation 4.3 must be 
modified by th^ loss\term , Q^. to yield the nonadiabatic furnace temperature, y, 
as g\ven by " 



(4.4K . « ^-^L ■ ' 

I 

Here, with (^^^ = 0.05 H, the furnace temperature is ^ .r . 

H-.05H ;._0:M1L»?0I+ 1Q0 = 4,061 °F ^ 
" ' V" G Cp \ ■ <14.57)(0.29) 



4 



This gas temperature, while lower than that calculated for the adiabatic situation 
(Case 1), is still too high to be practical. - 



Solution to Case H: 

1 hc,third aliornaiive purposes imposing a limii \o the furnace iomp<Maun(\ wiili a 
5% energy loss and no other heat transl(M\ This can be reiili/ed only through tlie 
use of excess air. The quantity ol excess air needed is determined by a calculation 
of the mass of conibusnon product gas» Oy, required U) absorb ilie net heating 
value of the fuel, //, with the gases leaving ihe furnace ai ihe s|)ecifird UMnpcraiure 
(2,200 ^F). The gas per pound of fuel is 

The applicable energy relationship is given by 



(4.5) H-C.f Cp(tj^-t^)^Q^ 

Now if the /y=2,200^F condition is imposed on the system and assuming C^ = 0.29 
Btu/lb^F as before G^can be calculated from 

H.6) - Or = = 27.49 . . , 

C^f/y- tj - 0,29(2,200 - 100) ^ 



The excess air needed lo reduce the temperature is-then 

lb air 



^^ = G|-G = 27.49- 14.57^12.92 



lb fuel 
or. 

^ =(12.92/15,57) X 100% = 95% ^ 

This is substantially greater than the excess air normally found necessary for proper 
combustion of No. 6 oil. - 

Solution to Case 4: 

The logical next alternative is to limit the temperature by transferring energy to 
some, useful purpose while limiting the excess air to the amount required for com - 
plete combustion. The governing energy equation for this case become? 

% ■ ; . 

(4.7) H^Gf Cp(tf-la)+Qi, + Q;u 

I 



is the energy to be tiansU'ired \u on\vi to maintain the hiinacc tcinpn atmc ai 
tj. Rearranging Equation 4.7: 



(4.8) ^ . ^ 

(lu = H-Qj -Gf Cp(tj -ta) > 

Recalling that Case 4 prescribes 10% excej^ air 

and substituting the appropriate numerical values into Equation 4.8 gives 

Qy='l7. 620-0.05 (17.620)-(14.57 + 1.36)(. 29X2.200- 100) 

^.16,759-9,701 = 7.038 Btu/lB fuel 

Here represents 39.9% of the net heating value of the' fuel. Useful application 
of this energy obviously depends upon the primary purpose of the combustion 
system. Steam generation would dictate water walls in the furnace to absorb this 
energy. Other systems would have to utilize this energy in some other appropriate 
. manner with the heat transfer surface and medium compatible with the intended 
end use. 

Summarizing the design process to this point, the primary alternatives for con- 
trolling the furnace temperature to use a great deal of excess air or to use some 
appropriate heat transfer surface to remove sufficient energy from the combustion 
gas to effect a control of temperature. The use of excess air alone as a control is 
wasteful of energy and should be avoided whenever possible. This potentially 
wasteful^spect is also evident when considering.the utilizatiort of the energy 
remaining in the combustion products after thiey leave the furnace. 

Energy Utilization in Nonfurnacc Regions ^ 

Further utilization of energy, represented by the ele^^ated temperatures of gases 
leaving a furnace, has a significant impact on the overall combustiofi system 
thermal efficiency, rj, defined as: 

Oh 

Qfj is the energy total input to, the system given by 
(4.10) Q^ = mfHHV 
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/ 



and Qj^ (he total cMioigy tianslcnrd for a useful purpose. Is giv<Mi by 
(4.11) ds '-mj <ls- <lii - Q/oAA 

where is the useful energy per pound of fuel. 

Losses identified earlier were limited. to (he energy transferred (o (he s(rue(ure 
and the surroundings in ihe furnace. Qj . Additional losses occur in the regions 
through which the gas must flow upon- leaving the furnace. A major ^oss is (hie to 
the heat content of flue gases leaving the system. I his loss. Qj^, arises from the 
^fact that the flue gas sfT^ck temperature, tjg, is higher than ambient and is 
expressed as 




Equation 4.12 indicates that Q^g is directly proportional to the total mass of the 
flue gases, G^, the specific heat of the gas. and the difference between the flue gas 
and the ambient. Increasing excess air beyond that which is required to insure 
proper combustion, increases which tends to increase the flue losses. The 
desirability of reducing the flue gas temperature, tjg, is^also apparent. In almost 
all combustion ^ergy utilization devices, it is impractical to reduce t^g to 
Design, material, and economic factors prevent this and. in fact, dictat^limits for 
various cases. Flue gas temperatures in steam boilers are limited to a low of about 
250 to 300 because of the potential dew point and 50^^ - associated corrosion 
problems which can develop at lower temperatures. Achieving even these flue gas 
exit temperature:s requires considerable energy recovery equipment such as 
economizers and air preheaters. . ^ 

The overall energy utilization pattern is summarized in Attachment 41. and by 
the following terms of the enregy balance relationship. 



Input: HHV 

Losses: * ^Qloss^ Qx+ Qfg+ Qv 

^ Available ^utilized) ei^ergy: - - Qj^p 

Note that in terms of the net heating value of the fuel, H, the enH^ balance 
would become 

H = HHV-Ciu 
' 4-7, 

ERIC > 5^2 ^/ 



'l[\v iiueraction of iht'sc sovoral onrigy quaniitirs is illusii atcd by (he «u'xt cxamplr 
which presumes a steam boiler where the fuel is already identified. \_ . 

Example 4.2 — System Thermal Efficiency 

A steam generator is to be desij^ned for firing the No. 6 fuel oil of Example 4.1. hs 
rated output is to be 60,000 Ibs/hr output steam at />= 650 psia, t = 800°F with the 
feedwater at 320 °F. 

Determine: 

The distribution of the available energy utilization in this steam generator. 
Solution:. 

The design begins with a determination of for this unit. This is done by accoun- 
ting for the energy which is added to the working fluid (water) as it passes through 
the unit. 



m, ■ 60,000 Ib/hr 



Fuel, mf 



HHV 



Air 



STEAM 
GENERATOR 



p ■ 650 pais 



t,«800*F 



Flue gat 



Feed water 



Ql 



Letting represent the steaix^g rate, (Ly becomes:' 
(4. IS) Qs^m,(h2-hi) 

where hi and h2 are the enthalpies of the entering feedwater and the output steam 
respectively (obtained from steam tables): For this case 

05 = 60,000 Ibs/hr (1,406.0 - 290.3) = 66.9 X 10^ Btu/hr 
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This is the available us«ful energy represented by mf ((It, + Qj^f.) The fuel supply 
rate needed lo provide this eneigy depends on the ovciall cffii i(Mu y, t/. which m ^ 
turn depends on the energy recovery devices incorporated into \\\v design Again, 
with information developed Example 4.1, 

(4.14) 7s--=Q.v/^«/ = '"^^'-Qr Ci, 0/^'^'^ <^ % 

17.620 - Qj.-Q/g' 

Suppose that Qj can be limited to a maximum of 5% of HHV. Before the 
remaining loss term. Qfg, can be determined, it is in order lo consider some of the 
temperatures in the system. 

Gas leaves the furnace at y= 2.200 while steam leaves the 
Steam superheater at 800°F, and the 

Steam boiler temperature is - 495 °F (saturation temperature at 650 psia) 

The reason for listing these temperatures is to emphasize the limitations imposed by 
thermodynamic and heat transfer considerations. Energy exchange by heat transfer 
requires a temperature difference between the energy'source and the heated 
medium. The superheater, if located in the convection zone, might reduce the gas 
temperature typically from 2.2bo°F to say l.OOO^F, which will still allow a 200°F 
temperature difference for l^eat transfer requirements. The boiler operating at the 
495°F boiling temperature c^n remove enough energy to bring the gas temperature 
to about 700 °F. These temperatures are practical values, that is. they recognize the 
need for a finite temperature difference for heat exchange at realistic rates. In any 
event, temperatures lower than 800°F for the superheater outlet, and 495 °F for the 
boiler cannot be realized even with infinite heat transfer areas. 

If the steam generator design does not include either an economizer.or an air 
preheater, the gas temperature leaving the system would be approximately 700 °F. 
For this case the energy loss in the flue gas is given by 

■ % = ^/ ^p(^fg - = (0.25)(700 - 100) 

. , ' =2,390 Btu/lb fuel 

The useful energy per poun^J of fuel, q^, is calculated by solving Equation 4.14, 
noting 

= 0.05(18,640) = 930 B«m//6 . ' 

g,= 17,620 - Ql- Q/g= 17,620 - 930 - 2,390 
= 14,300 B«m//6 0*7 
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Ihe efficiency from Kquaiion 4.9. with and Qj, each based on one pound ol 
fuel is 



ii^? X 100% -76.7% 
18.640 



The fuel firing rate can now be determined noting that the total useful energy, Qj 
is 60.33 X 10^ Btu/hr and solving for mf from Equation 4:14. 



Qs 66.9x10^ Btu/hf ^^^^ 

mf- — = 4680 — — 

{ 14,800 Btu_ hr 

lb oil 

The specific gravity of this No. 6 fuel oil was specified (Example 4.1) to be 0.986, 
therefore a required fuel flow of approximately 569 gal/hr is indicated. 

The efficiency obtainable with a unit which extracts useful energy only in the 
furnace water walls, superheater, and boiler is not as high as could be realized. 
Continuing the- design process, one would seek means to reduce the flue gas 
temperature still further, thereby reducing the flue losses and increasing the ther- 
mal efficiency. Recall that the feedwater temperature was specified to be 320 ''F. 
This is 175° lower than the boiler temperature of 495°F. It would therefore appear 
to be possible to insert a heat exchange surfa^ in the flue gas stream of extract 
energy by transferring energy to the colder fecliwater. Such exchange surface is 
called the economizer, and, with temperatures )as hypothesized here, flue gas 
temperature could be reduced to 500 °F. WilK this lower flue gas temperature, the 
flue losses. Q/g, would be reduced to 1,590 Btu/lb, qg would increase to 15,000 
Btu/lb, and the efficiency would increase to 80.0%. 

Continuing the design a'nalysis, one would note *he flue gas leaves the 
economizer at 500 °F and that the ambient air enters at 100°F. Why not preheat 
combustion air? A decision to do so or not should, at least in part, be based upon 
economics. The additional hardware would have a higher first-cost and operating 
co9t, which would have to be balanced against the value of the energy saved. An 
air prchcater could certainly be expected to reduce flue gas temperatures to 350 °F. 
At 556 *F *flyc gas temperature the loss (^g is down to 996 Btu/lb. 

Now, from Equation 4.14. 

= 1 7 . 620 - 932 - 996 = 1 5 , 692 B/u //6 /tie/ 

and ^84 2% 

■ 18.640 

The fuel firing rate would be 

~" Btu 

_ 66.9X106 ^ ^^^^ itsjuel ^^^/^^ 

J 15.692 Btn hr 

lb fuel 



The encrjfy relationships oiitliiuHl \n Kxamples 4. 1 aiul 4 2 shown gii^)hi( allv 
in Attachmont 4 1 which pirtoiially ilhistiacrs ihr ciiva of gi<Mtoi <Micigy 
utiHzation. ^ 

An over-all summary of how energy utilization inlhieiues the design problem is 
presented here. 

A. Knergy utilization determines fuel/air ratio for a given furnace temperauire, 
since more excess air is used with smaller units. 

B. Energy utilization involves 

1. Energy ab^ort>ed by water walls in the furnace by radiant exchange; 

2. Ener^ absorbed by superheater; 

3. Energy absorbed by boiler convection suiface; 

4. Energy absorbed by the economizer; and 
,5. Energy absorbed by air preheater. 

C. Energy losses involve » . 

1 . Stack gas loSvSes; 

2. Lo?Js due to heat transfer through structure; and 

3. Loss due to incomplete combustion. 

D. A given design is based on a fuel selection as to ultimate analysis, energy 
content and ash, if any. 

System control, to be discussed in a later chapter, must provide for a suitable 
working range'^for output and for variations of fuel composition and energy. 
Drastic changes in any part of a system can substantially alter energy performance 
or require major modification to avoid loss of performance. Fuel property changes 
can have some effect since initial design *is based on fuel choice. 

With the preliminary energy transfer considerations completed as outlined above, 
various heat transfer calcul^ions are made to design the actual surface configura- 
tions. Gas flows, both air and flue gases, together with fluid flow cSnsiderations, 
can be used to establish fan size requirements, A system obviously has many details 
which have not been displayed here but they are details influenced by the 
economics of energy utilization: . ' 
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Atuchment 4-1. Energy distribution 
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HHV - 100% 



Energy distribution without energy reooTcry 



<l m 5.5% Ql - Qfg ■ 5.S% 



HHV -100% 



q.«76.7% 
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Energy distribution with energy recovery by economiter and air preheater 
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Attachment 4-2* Nomenclature , 



Symbol 



Units 



Definition 



G 

r 

Gf 

h 
H 
HHV 



m 



NC 



m« 



tad 
'amb 



lb/ lb fuel 
lb/ lb fuel 
lb/lb fuel 



Btu/lb^F 
lb/lb fuel 

Ib/Ib fuel 

Btu/lb 
Btu/lb fuel 
Btu/lb fuel 
Ibs/hr 
Ibs/hr 
Ibs/hr 
Btu/lh fuel 
Btu/hr 
Btu/lb fuel 

« 

Btu/lb fuel 

Btu/hr 
Btu/lb 
Btu/lb fuel 

Btu/lb fuel 



Actual combustion aii per lb of fuel 
Excess air per lb of fuel 
I heoretical (sioichiomeiri( ) air per lb of • 
fuel 

Constant pressure specific heat ^ 
Flue gas for theoretical combustion per lb 
of fuel 

Flue gas for combustion with excess air 

per lb of fuel 

Specific enthalpy 

Net heating value of fuel 

Higher heating value 

Fuel firing rate 

Noncombustibles in fuel 

Steaming rate 

Energy loss as sensible heat in flue gas 
Total energy input 

Energy losses s transfer to striictUYe and 

t>f'fuel, transferred 
in non-furnace region 
Total energy to useful end purpose 
Energy tp useful purpose per lb of fuel 
Useful energy transferred in the furnace 
per lb of fuei 

Energy loss due to latent heat of the 
water vapor formed by combustion 
Combustion air temperature 
Adiabatic flame temperature 
Ambient air temperatuft > 
Furnace temperatui'e 
Flue gas temperature 




Chapter 5 

Pollution Emission Calculations 



INTRODUCTION \ 

Combustion soWfces constitute a significant air quality control problem because of 
the^gaseous and particulate emissions which can be produced. With a variety of 
combustion systems devised for a multitude of end ust's, control regulations must be 
formulated based upon selected standards reasonable for comparison with any 
given system. Accordingly, emission standards usually establish the maximum 
allowable limit for the discharge of specific pollutants. Tliese limits are usually 
based upon volume or mass flows at specified condiflions of temperature and 
pressure, Actual field measurements of gas flow likel^ would not be made with gas 
at standard conditions. It is therefore necessary to adjust the observed volume flow 
to account for difference in pressure and temperature. 

Emissions can be measured in terms of the concentration* of pollutant per^lume 
or mass of flue (stack) gas; the pollutant mass rate or a rate applicable to a given 
process. Standards therefore fall into the same three general classifications: concen 
tration standards, pollutant mass-rate standards and process-rate standards. 
Federal ambient air quality standards are examples, of concentration standards 
where allowable limits are set forth in micrograms per cubic meter at ^5 = 25°C and 
/»^ = 760 mm Hg. Pollutant mass rate standards fix the mass of pollutant which can 
be emitted per unit time such as Ib/hr pr Kg/hr. Process-rate standards usually 
establish the allowable emission in terms of either the input energy or the raw 
material feed of a process. New source standards for fossil-fired steam power plants 
are an example of an energy basis Standard. Allowable emissions for such opera- 
tions as acid plants are based upon the mass of acid produced, while a portland 
cement plant emission standard is in terms of the number of tons of material fed 
into the kiln. Values for the standards mentioned together with others may be 
found in Attachment 5-1. Where combustion sources are involved, a standard may 
include not only the allowable concentration, but may specify the quantity of 
excess air the system may use while achieving this concentration. The standard for , 
solid waste incinerators of 50 T/day or greater is an example of this type of stan 
dard. Such incinerators are limited to particulate emissions not to exceed 0.08 
grain/dscf corrected to 12 percent carbon dioxide. ^ 

■ \ • • • 

Volume Correction ' * 

Since combustion devices alwaysi produce flue gas which is at higher temperature 
and pressure Chan those of the standards, corrections for the difference must be 
made. Consider one cubicjoot of gas at some specified, condition, say 14.7 psia and 
70 ''F. Does this volume increase or decrease if one raises the gqs temperature? Ask 



a similar question regarding ihe effect of a pressure increase. What volume would 
the gas occupy if both pressure and temperature were raised? The answer to these 
questions can be developed usifig the equation of state for the gas. A very familiar 
equation is that for jin ideal gp (see Attachment 5.2 for Nomenclature): 

(5.1) Po^^o = A^«^o 

where the subscript o denotes some observed condition. Here the mass M is fixed 
and the quantity « is a constant, so that upon rearrangement, one may write: 

- y 

- p y 

(5.2) ^ ^ ^fAR = constant 



To 



RecAlling the questions posed above, no gas was added or removed m the specula 
tion of what would happen to the volume as pressure and temperature are 
changed. Therefore, at some new condition denoted by a subscript s, one expects 

Ps^s 

(5.a) -rr- =AfJR 

and Mil can be eliminated by equating 5.2 and 5.3 to give 

(5.4) Ts To 

Equation 5.4 may be rcarrang^ to give whatever combination may be most useful. 
For example, suppose the subscript s is used to denote standard conditions and the 
observed conditiSlirare subscripted with an o. The observed volume, F^. measured 
at temperature. To, and pressure. Po, would occupy volume, Vy xf measured at 
conditions Ts and P, as can be seen from a solution of equation 5.4. 

^oj^—j j^^j (Equation 1, Attachment ^-3) ^ 

Other parametcrs'may be handled in the 4ame manner Consider density as an 
eiampic, noting that the gas law can be modified as follows to exphatly express 
density 

(5.6) Po= ^^^^ =gofiTo 

♦ 

Rearrangement of equation 5.5 yields: 

Po 



(5.6) 



Qo^c 



= R~ constant 



Repeating the leasomng employed above for the case of volume, ilie density of a 
gas a* new condiiions denoted by subscript s is: ' ^ 

(Equation Attacbment f) S) 







7' 






.1 



Further manipulations of equations can be made to obtain whatever formidation 
may be useful in a particular case. 

As an applied example, consider using the equation of state to help develop a 
conversion factor with which ppm can be reduced to uf^/m^. Beginning with the 
definition: ^ 

_ /, ^ moles of product ^^^r^ moles of product 
(5.7) 1 ppm - — 71 ^— — — =10 " 

10" moles of air moles of air . * 



Note that this is basically a voKime measure, and that the definition is based on 
r = 25^C and P= 760 mm Hg. 

Recall here that^a mole of any gas will occupy a volume of 22.4 liters when 
P=760 mm Hg and r=^O^C. The definition of ppm is based on r=25^C; 
therefore, one must calculate the new volume usmg Equation 1, Attachment 5-3. 



o 



22 A I IZii^ I =24.5 liter 
273 



'^^'^ite^n turn, there are 10^ ^ qneter^/Htcr and the mass of the moles of product i 

molecular weight X gm/mole. 

Combining these conver^^s: 

10 

1 ppm = 



is: 



1^ ^ moles product ^ MW ^ gm/mole y 



24.5 



liter 



I liter J 



(5.8) 



Example: SO2 



10 



24.5 



MW 



l^l^j XI06 [^^j =40.8 [AfW^] 



m 



y/>/)m 502 = 40.8 (64) = 2611 ^/m^ 



Exoeat Air Corr^ctioni ' 

Another type of calculation oftrn necessavy involves combustion equipment stack 
gas samples obtained by Oniat analysis. Before outlining the fund Wntal basis of 
corrections here, it would be well to note several aspecb^the probleniTl he stack 
sampling is directed to determine the pollutants emitted B^^quipment and com 
pared to standards. The raw gas leaving a combustion device c^ontains certain levels 
of pollutants, which can£e made to appear smaller if the total^as quantity is in 
creased by adding non DfoUutant gas to the stream For example, consider the ideal 
combus^n of carbj)n rrt9noxide with air 

(5.J|({ CO + —O2+ 1.88 N2-CO2+ ^2 

2 n . 

Here, the percentage of CO2 in the flue gas is: 



1 

34.8% by volume. 



2.88 



Suppoie the same mole of CO were burhcd with 100% excess air? The combusjion 
reaction now is gfiven by: 

• . • ■ 

(5.10) CO + 2 (^-^O^ +2(1.88 N2>>-C02 + y02 + 8.76N2 

■ /♦ 

Now the total moles of product is given by: 

1 ktole CO2 + —mole O2 + 3.76 mole N2 = 5.26 moles 

. . 2 . - 



CO2- = 19.0% by volume.-' 
5.26- " 

• " ; ■ 

Men the volume fraction of CP2 was reduced by adding more air, m effect a dilu- 
tion of the products by additional air. 

The original 2.88 iholes of flue gas also could ^lave been diluted through the 
addition of steitn. a practice which is fundamentally possible since flue ga>^^ 
temperalures nic normally l?ighcr than, dew-point temperatures. Suppose on^ added 
two moles of steam to the flue gas of Equation 5.9: / 



(5,11) .CQ2+\ -^'^ ^2^-^ moles steam 



■ I 

Now there are 4.88 iiiolcs ol puklucl ami ihv^COo pncentage would he 1 ' 

.V ^ i • ■ - 

1 

(:02= =20.5% hy vohmie. 

4.88 \ 

* . » . ■ . 

Clearly, tlje vplurnc fraction of any gas p^^eseni in the flue gas can he reduced hy 
dilution, either by gddii^ air or steam. It is f^r t,his rea.son that comhustion eqiup 
ment emission st^ndatSs are written with a specihed amount of excess air and • 
hased on dry flue gas. Flue gases which indicate combustion occurred with excess 
•air different frtom 50% require cofr^ttion of observed concentration to that which 
woum have bocn realized with 50% excps air, / ' , 

Stack gas measur^rn'ents are usually rpade with the Orsat apparatus, an absorp- 
tion device with se|5arate clTi^m"ber* ho reijjove CO2, (TO, ifnd O2 fram tfje flue gas 
in a manner permitting mea^ureitfem oi* percentage Jf ^ac^V present on a volume 
basis. Tl^device is designed s6\tljat a dry.(basis measurement is realized. Excess air 
can be determined froin the'Or^&t "tea<lings by computation ^s follows: 
Consider the com pletcf^iortilbniJiSji^^^ 

• ' i^l-V-''^ ■ . ' \ 

(5.12). ,„/ .^'"Jj^- - " ^ ' 'Y ■ 

• T+ <55fjl^6 N2-.C;02 + 3-.76 A^2 

. Here the product coftfains (^^0^2 A^2 '^^i*^^ excess air, the reaction 
becomes:* : ■ 



(5.18). ^ ^ C + (l+a) O2 +'(l +aX3. 76 N^V^ (702+ 

+ {l+a) 5...76;N2-- / " 

where a i5>the number of mole^ of excess in the excess air. By definition, the 
percent of excess air is: • ^ . • 

/i iA\ ' 0/ ir>j — Actual A ir - Theo Air -j" _ r- ^*;- 

Theo Air . , - ; 

The theo fiiir is 0^+ 3.76 N2 froft? equatiait.5.12 with the actual air (1 + a) , / 
<^2 + (l ^'1^.^2 as'giVi^aby equation 5. 13. Combining equations 5; 12, 5:13r 
and 5.14: . A . . ^ . 



(5.16) , . ' ' %k« ■'Og+y " 76^ .x roo% . 



Equation 5. If) icquirrs knowledge oi the excess oxygen, a, in ()i(1<m to eonipute'the 
excess aii^ Actually, the Oisat analysis contains tlie information to atconiplisii tiie 
saim' result bas.ed on knowledge of the piodiu t imposition alone. 

Note that uxygen can only appear in the product if excess aii is pr< s( nt. a.s,suni 
iug complete combustion. Noting produc t with a subscript p: 



(5 16) ■ C + (l+a) 02 + (l 3-76 /V2-*C02y,+ ^2/)+^2/> 

. where 020- aOz. the excess oxygen provided, and N2p the nitrogen which was 
I pan of th? total air supplied. Now the nitrogen present in the product came tr 
the combusti(in air (linlcss fuel contained significant nitrogeq). Therefore, th 
tual O2 supplied can be determined by computing the moles O2 which were 
ajJIriated with N2p- Assuming air is 20.9-% O2 and 79.1% N2 by volume, the 
^<|^en supplied is given by: ^ 



(5!l7) 0.264 N2j(,= O2 supplied 



(5.18) The theoretical O2 is 0.264 N2p- 02p 

(5.19) >and the %EA - ^ ^ X 100% 

0.264 N2p-02p 

If the combustion produced both CO and CO2 (case of incomplete combustion), 
the 02p measured must be reduced by the amount of o3tygen which would have 
combined with QO to form CO2. ^ 



Vh 



len: 



(6.20) 



0.264 N2p-(O2p-0-^CO^ . 



In each caser the quantity introkluced is the percentage of each constituent as 
measifrfed by the Orsat analyzer. ' >^ . . 



Example: 



(J 



by difference: 



Orsat Analysis^ 

ic:o2=io% 

. 02 = 4% 
C0=\% 



JV2= 100- (10 + 4 +!) = §&%' 



Kind % EA lioin ocjuatioii 5.20: 

%EA •-•= -—-^-^-^^ X 100% -~- 18..H% 

0.264 (8r>)-(4 -O.f) (1)) 

One caution must be mentioned regarding the CO2 measurement as determined 
by an Orsat analyzer. The chemical, caustic potash, employed to absorb CO2 also • 
absorbs SO2. rhcrefore, SO2 nmst be nu'asured separately from CO2 and the 
percentage 5O2 dcterpnined rnust be subtracted from the ob.served CO2 reading. 
Also, the cuprous chloride solutidn used to absorb CO also absorbs O2; therefore, a 
sample which is not correctly analyzed could erroneously indicate O2 for CO 

Corrextion of concentrations where EA is different from 50% is accomplished by 
adjusting the gas volume to that which wouTtWiave been present if 50% excess air 
4iad been used. Equation 5.20 and correctiojjJ'actors for 50% excess air, 12% CO2 
and 6% O2 are presented in Attachmentlj^4 (Equations 1 through .13). Applica 
*ion of thiese equations is best illustrited by an example as follows: 

». . . ■ . ■ 

Example 5.1 * 

Given: Power plant steam generator data ^ 
Stack gas temperature = 756 

Pressure = 28.49 iff. Hg , . . ' . 

Wet gas flpw^ Q^ = 367,00(/acfm, 6,25% moisture by volume 
Apparent moleculiar weight of gas is 29.29 
Orsat analysis is C02= 10.7%; = 8.2%; CO=0 
^ . Pollutant mass rate (PMR) is 103 Ib/min 

With these data, find the following: . 

A. Pollutant Mass Rate, ^Tons/diay 

B. Mass and volume basis concentration 

Standards: r^ = 530i?; = 29.92 in. Hg; = 0.0732 Ib/ft^ 

C. % excess air in effluent 

Dv Concentrations fo«ind in B corlrected to 50% EA 

E. Concentrations corrected to 12% CO 2 

F. Concentrations corrected to 6% O2 
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1 



.4 
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.2 
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= H ■ Tool heai input in millions of Btu per hour. 
- E ■ Maximum emiMions in poundi of particuUte matter per million 
Btu heat ijotput. 

E E- 0.8425 H-®-^*^ (H« 25 to 10,000) 



t. I . nil I ■ I I II I mil I I I 111 I n m i i I i ill I lllll I I I I II I IJ 

1, 0 10 * * 100 4000 10,000 100, 



.55 



25 



H, total heat* input, million Btu/hour 



Figure 5.1. Allowable particuUte cmiMionB from fuel burning equipment 



So 



A. Pollutant mass ratr (FMR). Ions/day: 



lOJi ibs/mmx ~ x x — -74 y „ .r 

/ir ^ ^irtv iJOOO lb day 

B. Concentration-mass and volume basis 



Vq dry = 367.000(1 - 0.0625) - 344.062 acfm 
PMR 103 



* C ~ 



Vfy 344.062 



Using Equation 2. Attachment 5 3 

C i ^Q^^ 29.92 756 
344,0^2 ^ 28.49 ^ 530 

C^,==4.48xl0-4J^or3.14^^ 

dscf , dscf 

^ _^ /6 ft^ 1000 6.12 /fe 

C/w^r — X X 1 

^^y^i 0.0732 1000 1000 III 

C. % Excess air in effluent using Equation 1, Attachment 5-4. 

» ■ 0,2MN2p-(O2p-0.bCOp) 

= (8.2-0)(100) ^.^^ . 
(0.264 (81.1)-8.2 ==^ 

D, % Concentration corrected to 50% EA is accomplished using Equations 2 

and 3 for the volume basis, 4 and 5 for the mass basis concentrations- 
all equations taken from Attachment 5-4. 



' =1 - 



j "i:5 (0.082)-0.133 (0.811) j ^^^^ 



c 



}0v 



F^O^, 0.928 = scf 



29 



4> 

L 0.21 J 



- 0.930 



C,rt^ = -^!^.- = -^iil-- 6.56 /fc/ 1000 /6 ciry 
^^'^ /^^Om 0.950 =. 



E. Corrrction to 12% CO2 is accomplished with Eqviations 6 and 7, 
Attachmem 5 3. 



C 



vs 



Cy (0.12) 



Pl2v C02/(iVl C02p 



..U \-^:^\ 
L 0.107 J 



F. - Correction for 6% 02^- 



5.52 8^ 
= dscf 



0.21-0.082 g5 
*" 0.15 



0.85 



ExamplQ^.l clearly illustrates how one applies corrections for temperature, 
preasure/«ti4 excess air. The emissions in this sample were expressed as a concen 
tration given PMR and volume flow rate. 

Proceis-Rate Factors 

Process rates arc normally based on either energy or material input to a process, 
and Example .5.2 illustrates application of ^ process rate standard applied to a 
combustion source. Figure"^. 1 is process rate standard for particulates taken from 
the State of Virginia air quality control regulations. 



.ERIC: 



Example 5.2 ^ 

Given: f^'MiJ^^^a^^.f = iIBOO gmAec 



J 



. ■ Yue\: coai(^^^ tons /hour, flHV =12,500 Btu/ lb - 

Proposed abatement uses an electrostatic precipitator with 99% 
/ . ^ rated collection efficiency. * ^ . • ^ ' 

pctermirt^ whether this plant meets the staiiidard imposed by the Virginia code. 



Solution: 

A. Find the process ciUMgy rate, H 

H - rnass of co^x enerf^y value per unit mas^ 

hr lb Urn ^ 

- r)7r)X B/u//jr 

IB. hind the allowable omission rate IVoin Figure 1. 

From graph @ H=b7bx 1()^» Btu/hr 

E= 0.V9 pounds/ 10<» Biu 0 2311 lb 

or calculate from £-0.8425(575) -0.194 - 

\{)^ Bin 

C. Now find actual particulate weight rate 

//) sec 
imogm/secx x 3600 — (1 - 0.99) 

* 454 hr 

575x106-^ 

hr 



100 Btu 



n 



' (Vj25 > 0.1 9. Therefore, this. unh does*not conform. . 
F-Factors ' - ' ; 

So far the discussion has been directed to tht correction of observed field data to 
account for temperature, pressure and excess" air conditions different from those of 
a standard. A^al volume flow and gas composition were required Input. The 
Federal Register of October 6, 1975 promulgated the F-factor method for the 
determination of a p^fllutant emissioa rate, b, expressed as Ibs/lO^ Btu or g/10^ kj 

The emission rate E is related to concentration and mass rate. The pollutant 
mass rat^, expressed in terms of volume flow rate and Concentration is given by: 

(5.21) ' PMR = C^s 



The emission rate, E, in terms of the energy input H is: 



Consider the ratio V,/H, the ratio of gas volume flow to energy inpui in lorms of 
basic combustion chemistry. For theoretical combustion. -^hc volume can hv 
predicted by computing the pro<lucts of combustion realized from the burnmg of a 
unit mass of fuel. When excess air is used the volume flow is larger than the 
theoretical, but only by th* volume of excess air. It is possible therefore, to com 
pute the volume flow. Vs, in terms <rf the theoretical volume (stoichiometric) and 
an excess air correction. Defmirig the theoretical volume of combustion gases as 
V^l, the volume is: 



(5.2S) 



excess air 1 
correction j 



and equation 5.22 becomes 
(5.24) 



E=C 



vs 



excess atr 
correction 



The F- factor is defined as: , 

Vst 

(5.25) H CP 

and the excess air correction is given by: 

/ [^^] 

Substitution of Eqiftons 5.25 and 5.26 into 5.24 yields! 



£ - ^vs 



20,9 -02P ] 



The terms in Equation 5.27 are Cys> the dry bkSh-concentration corrected to stan 
dard conditions: the^cess air correction based on the perceiit O2 m the sampled 
gas: and Frf. a factor, which c^n be computed knowing fuel composition. Volume 
flow and fuel flow measuremenfs are not necessary, thus simplifying the task of 
emission rate determtnati^. For a fuel of known chemical composition and higher 
heating value H. the factor Fti is given l^: ^ 

. . '^[3:64 C + 0.57 S + O.H ^2 - 0-46 ^^fi dscf ^ I 

(5.28) Frf= - . HHV 106 Btu 



" - 5-12 



Tho values loi //o, C, S, N2. O2 aiul the pcuciita^fs of cat h cUmjumu air taken ( 
from iho uUrmiUo analysis, here is noted as the F lactoi wIumi dry O2 p<-iton 
tagf was used as tlu* nioasuir of excess air. Should one choose to use CO2 as the in 
dicaior of exccRs air. a factor F^■ is used where: 



(6.29) 



100 



CO 



2p 



Kks 



10<' Btu 



and 
(5.30) 



f7 — Y" 



lO^' Btu 



Cy^, as used in ^nation 5.29, can be either wet or dry basis depending on whether 
(!02p is detej-m^ed on a wet or dry basis. 

Calculations of F-factors for various fuels indicate a relatively narrow range of 
values. For example, values for bituminous coal range from 9750 to 9930 
dscf/lO^ Btu. Taking the mi^point,5^al^e, 9820 dscf/lO^ Btu, this ra^ge has a 
maximum deviation of ±8%. Actachment 5-6 is a tabulation of calculated mid 
rang<?^ F-factor values with (jlevjfations where applicable. 

The F factor method is based on an assumption of complete combustion. There 
will be an error if CO or Sunburned combustible is present when O2 is the 
measured excess air indicator. A correction similar to that discussed earlier is 
appropriate as follows: ♦ 

20.9 ~(O2p~0.b COp) 
(5.31) Excess air correction = ^ ^ 



?0.9 



and Equation 5.27 becomes: 



[20 9 

Loss of combustible (unburned carjbon in coal ash for example) represents a reduc 
tion of actual input energy. F-factor assumes all energy released and since E is pro- 
portional to l/HHV, calculated E is smaller than the actual. Removal of CO2 by 
wet scrubbing also introduces errors w/liere Ff. or is the factor employed. 
Accuracy of the Orsat analysis. is as inhporlartt to the use of F-factors as were the 
more involved computations discussed previously. • 



5,-13 9l 



Use of Emission FacU)rs "V 

EPA publication AP-42 is a ( ompiiaiion of emission factors which have been 
gathered from various references. 1 hese factors, while quite valuable when caUula 
tions of gross inventory for a large number of sources are involved, arc not 
necessarily valid for a specific single source. A selected group of tables for various 
common combustion systems and fuels is found in Appendix 5.1. 

While more precise emission information is needed iii order to pinpoint ac tual 
emissions, factors such as those presented in AF 42 qan be used to form estimates 
of the control required. 

Example 5.3, usi«g Table 1.1.2, Aplpendix 5.1, factors for uncontrolled 
bituminous coal combustion, indicates the particulate loading a spreader stoker 
might produce is thirteen times the coal ash. I bis factor tells us that a larger 
number of spreader stoker fired units operating without control would produce on 
the average, 13 pounds of particulates for each one percent of ash in the coal 
burned. Any given unit might produce this amount at some operating capacity but 
not at all operating levels. At light loads, for example, gas flows are reduced Com 
pared to design capacity, and particulate entrainment is reducea because of lower 
gas velocity. 

The emission Itac^tors are essentially process emission rate values expressed in 
terms of mass fired (lbs per ton). These values are convertible to pollutant mass 
rate, PMR, by knowing the firing rate in lbs per hour. 

Example 5.S 

If dhe bums 6 tons/hr of coal with A = 10% and a heating value HHrof 12,500 
Btu/lb in a spreader stoker fired boiler, the uncontrolled emission rate is: 

£ = 1 ^JL- X (10) = 1 30 lbs /ton 



ton 



and the pollutant fSiasisratc is: 



™|l = l 



30J*_x6-^==-780 Ib/hr . 
ton hr 



Conversion of the clhission rate from lbs per ton to lbs per miilion Btu is as follows 

Btu 



HHV=l2,b00- ,^ 
. lb 

\ 



= 12,500^x2,600 



-2bx\0^ Btu/ton. 



ton 
/ 

'5 14 



92 



riuMTfoir. E no -'''- X ^ - f) 2 



/on 



The clt'girr of conirol rrquiird for a source pfMformancr standard of 0 1 
Ibs/lO^Btu would be dt'tt'rminod as follows: 



collected ^ j^^^^,^^ ^ [^}Mld![^}^<itt X 100% 
/n/;w/ Input 



•'•"^ X 100% = 98.1% . 



5.2 



This would be an estimate only. More'prccise emission data lor a specific unit 
would be desirable. 

The SO2 factor, is more nearly representative of an actual case since the sulfur in 
the fuel is measineable. The factor. 38S assumes 4% of the sulfur in the fuel does 
not appear as SO2 This difference is greater if the system has a high percentage of 
unburned fuel in the ash. Where unburned combustible in the ash is a specified 
value, the SO2 reduction is calculable, again provided the sulfur appearing as SO^ 
can be predicted. The 38S emission factor is a valid first appr^imation of the 
uncontrolled SO2 to be expected. Using the coal in Example 5.3 above with 1.3% 
sulfur, the follovyfig can be seen. 

Example 5.4 

Compute SO2 emission per 10^ Btu for the coal in Example 5.3. 

• • lbs 

Eso2 = ^^ (1.3) -49. 4 — 

ton 

2 ion hr hr ' 



lb ton ' , r.Q lb 
E^^„ = 49.4 X = .1 .^8 



* SO2 • 25 X 106 Btu 106 Btu 

New source standard for SO2 is 12 Ib/lO^ Btu which would require ^ 

1.98 * ^^-^^^ y 

1 

reduction.of SO2 in the flue gas. 

Similar calculations of uncontrolled emissions are possi*>le using factors for HC, 
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Attachment 5-1. Typical standards, new source standards— ^ 
December 23, 1971* (Federal Register Vol. 30, No.427) 



Fossil fired steam geiu'ratois with heat input greater than 250 inilhou Btu/hr 

A. Particulates: 0.10 lb per 10<>Btu input (0.18 g/10^> eal) maximum 2 hr 
average 

B. Opacity: 20% except that 40% shall be perniissible (or not more than 'i 
nn'nutes in any hour 

C. Sulfur dioxide and f^O^ 





SO 2 

vlb/10<> Btu 


kg/lO^k) 


\h/\()^^ Bt 


u kg/lO^kJ 


Gaseous Fuel 
















0.20 


0.09 


Liquid Fuel^ 


0.80 


0.345 


0.30 


0.13 


Solid Fuel 


1.20 


0.520 


. 0-.70 


0.30 



2. Solid waste incinerator: charging rate in excess of 50 Tons/day. 
Particulate emission standard 0.08 grain/dsc(.(0. 18 g/m^) corrected to 12% 

C02. 

3. Portland cement plants: maximiyn 2 hour average particulate emission of 0.30 

Jb/ton (0.15 kg/metric ton) andH>pacity not greater than 20%. 

. _ 

4. Nitric acid plants: maximum 2 hour average nitrogen oxide emission of 3 Ib^Ton 
of acid produced (1.5 kg per metric ton) expressed as nitrogen dioxide. ^ 

5. Sulfuric acid plants employing the contact process: maximum 2 hour average 
emission of SO2 of 4 Ib/Ton-of acid produced. Also acid mist standard: max- 
imum 2 hour average emission of 0.15 lb/Ton of acid produced (0.75 kg per 
metric ton). , - 



*Noic: Standards are revised from time to time. 
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Attachment 5-2. Nomenclature for equations of Chapter 5 



•ERIC 



Symbol v 

• ■ t ■ 

Concentration, mass basis 

Cy Cojjcentration. vQlume basis 

E ^ * Process emission 

EA Excess air 

F Correction factor; F factor 

* -« * 

H Energy rate 

HHV Higher heat value 

Q Volume flow rat<?' 

M Mass 

MW Molecular weight 

p Pressure, absolute 

PMR Pollutant mass rate 

R Gas constant ^ , S ^ 

T Temperature, absolute 

V Volume 

" (J ^ Density 



Subtcriptt 

e . ^fluent 

p - ^ product 

m mass basis 

o obscrVcd conditions 

s standard conditions 

V per-volume basis 

■ " " " 1- M \ 




9S 

518 . 



Attachment 5-3. Ga^volume corrections 



Volume 



■^-Itl It 



(1) 



Concentration 



I (2) 



Density 



* /-I ■ 
"J Qs 



-1 


1 


[-1 









(3) 



\ 
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^ Attachment 5-4. Excen air corrections 



DetCTmiriltion of ExccM Air 



^ Q.t^N2p-(02p-^ ^ COpf 



\ 



Factors for Correction to 50% EA 



4 



0 



' r 1 502*- 0.75 CO* l 



1 



1 



(2) 



- 1 



Factor Foi/torrection to 12%X0 9 

, Fii„~^ (6) ' 

'« 0.12 . 

^ * / ' • . . 

■ " / ' (7) 



(8) , 



Cj2m-^ (9) . V 



Attachment 5-5. F-Factors for various fi^Ua^b 



Fuel Type 
Coal 



<facf/10*' Bm . >cf/10<^ Btu 



Hhtthruciie 


10140 (t.O) • 


1980 t^.l) 






Bituminous 


19820 (3.1) 


1810 (5.9) 


1.140 


(4,5) 


Lignite « 


Q9Q0 ^2 2) 


1920 (4.6) 


1.0761 


(2.8) 


on 


« 




1 S461 


(4,1) 


\ 

GU <r 
/ 






> 




Natural 


8740 (2.2) 


1040 (S. 9) , 


^.79 


(2.9) 


Propane 


8740 (2.2) 


1200 (1.0) ' 


1.51 


(1.2) 


Butane ^ 


8740 (2.2) 


1260 (1.0) 


1.479 


(0.9) 


Wood 


9280 (1.9) 


1840 (5.0) 


1.05 




Wood Bark 


9640 (4.1) 


1860 (3,6) 


> 

^ 1.056 


f3.9) 


P^per amf Wood WaJj^ 


9260 (8.6) - 


1870 (3.5) 


1.046 


(4.6) ■ • 


Jjiwn and^ Garden Wastes 


9590 (5.0) 


1840 (3.0) 


,1.088 


(2.4) 


Plastics 






\ 




Polyethylene 
Polystyrene 


917S 
9860 


i70flr>> 


1.S94 
1.213 




Polyuretbane 


10016 - 


1810 


1.157 




Polyvinyl Chloride 


9120 


1480 


1.286 




Garbage 


9640 (4.0) 


1790 (7.9) 


1.110 


(5.6) 



■Numben intf«Benthc*e« are maximum deviatioru (%) ftom the midpoint F Facton, 

bTo convert tUiIetrk .yitem. multiply. thfc above values by 1.123 x lO * to obtain »cm/106 cal. 

Soww R.T. Shigehm « fl.. "Summary of F-tactor Methodi for peterni|ning Emittiom from 
Ckmbustion Souitxt." Souire Evalnitlon Society Nnwieiter. Vol. 1, No. 4. November 1976. 
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I 

1. EXTERNAL COMBUSTION SOURCES 

External combuition sourcei includ* ite«n-el«ctric generating planu, Industrial bollen, commercUl and 
InsUtutional boUf n, and commercial and domestic combustion units. Coal, fuel oU, aJld natural gas are the major 
fossil fuels used by these sources. Otfier fUels used in relatively small quantities are liquefied petroleum gas, wood, 
coke, 'refinery gas, blast furnace gas, and other waste- or by-product fuels. Coal, oU, and natural gu currently 
supply about 95 percent of the total thermal energy consumed in the United Sutes. In 1970 over 500 mUUon 
tons (454 X 10* MT) of coal, 623 million barreU (99 x lO* Uters) of distUlate fuel oil, 7 1 5 million barrels (1 14 x 
10* Uters) of residual fuel oU, and 22 trilUon cubic feet^3x 10" liten)of natural gas were conswncd in the 
United States' 

'•^ 

Power generation, process heating, and space heating are some of the largest fuel-combustion sources of sulfur 
oxides, nitrogen oxides, ynd particulate emissions. The following sections present emis^on factor data for the 
major fossil fuels - coal, fuel oil, and natural gas - as welf as for liquefled petroleum gas and wood w«te - 
combustion in boilers. 
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t.l BltUMINOUSCOALCX)MBUSnON Revised by Robert Rosenstfel 

" and Thomas Lahre 

J. 1,1 General 

^ ',. ■ *- . 

Coal the moat abundant foaaU fuel in the United Sutes, ia bumwl in a wide variety of furnMes to produce 
heat and steam. Coal-fired fumacw range to size from mall handflied uniu with capacities of tO to 20 pounds 
(4,5 to 9 kilograms) of co«l per hour to large puWerized-coal-fired uniU, which may bum 300 to 400 tons (275 to 
360 Ml) of coal per hour, 

Although predominantly carbon, coal cont^ nuny compoutidi in ntylni amounta. The exact natutt and 
<|uantity of thele compounds are determined by the location of the mine producing the coal and will usually 
hftdct the final uae of the coal. 



1.1.2 Eni^iiont and Controls ' 

^ 1 I 2.1 Particulates' • Particulates emitted from co^combusUoii conaUt prin^ly of carbon, sUk^.jlumbia. and 
iron 6xlde in the fly-iah. Tha quantity of atmoipherlc partlcuUte amlsiiona b dependent upon the type of 
combuition unit in wWch the coal it burned, the aah content of the coal, and the type ^f control aqui^>ment used. 



Table 1 I-l fh»« thi ran|i of coUeeUon efflciencie* for common type* of fTy-uh control equipment. Particulite 
emMoa ftcton npmmd m poundi of ptrticulite per ton of cod burned are presented in Table i . 1-2. 



I I 12 S(mtO*i6n* * • Facton for unpontroUed lulfur oxldet emiuion are ihown in Table 1-2 along with 
facton for other gaaea emitted. Thi embakm facto^for wifur oxidet indicates a convenioo of 95 percent of the 
availible wlfiir to wlfur oxide. The balance of the sulfur b emitted in the fly aih or cornbinet with the slag or ash 
b|.tlM ftimace and U rtmottd with thrtu* Indeaaed attenUon haa been given to the control of sulfur oxide 
emMom Aom the combustion of coal The uae of lowwlfur coal has been reconunended in many f9u; wh«e 
low-sulfur boel la not avaihible. other mathodi in which the focus U on the removal of sulfur oxide from the flue 
pa before it enten the atmoephere must be given consideration. 



A number of fhie«tt da«ilftirtetUon processes have been evaluated; eflecUve methods ate undergoing lui^scaie 
operatiQO.^riT>ctisti inrhiitrif *f' ■ '-*>rT iimettonfcdolomHe injsstfon, Ifanestone wet saubbing. . 
^^alytlc oxidaUon. m^neaium oxide acrubMng. and the Wellman-Loni proeesa. Detailed discussion of various 
flue-ps deeulftuizatioo processes may be found in the Uteratwe.i ^ 

I 1 2J, Nltrofan Oxkbs* - Eroissioas of oxides of nlrogan result not onl/ from the high temperature rwctioo 
oir atmoepheric nitroMn and oxygsn in the combustion lone. but Ao from the partial combuation of nittojanoua 
compottiSB contained in the fuel The Important facton that affect Nd^ production aw: flwie and ftimace 
temperatun. midenco ttae of combuitlgn gaaea at the flame temperature, rate of cooUng of^ 

imount of excess air preastit in Uie flame, Diacusslons of the mechanisms lnvolved,are contained in the indicated 
referenoea. 

^^^^^^ 

I I Z4 Other Gases - Ths efficiency of combuation primarily determines the carbon monoxide and hydrocajboo 
content of thi pses emitted from bituminoui coal combustion. Successful combustion that results in « low level 
of carbon monoxide and oiganic emissions re<iuires a high degree of turbulence, a high temperature, and 
nifUdsnl time for the combustion reaction to take place. Thus, cuM conuol of excesi air rates, the use of high 
combustion temperature, and provision for intimate fuel-air contact will minimize these emiasion«. ^ 

• Factor* for theae gaaeons emissions are alsQ^piesented in Table -iM ^. The size ranr ^ Btu fpt houJ^ thp 
various types of ftimwes aa shown in Tabk 1.1-2 is only provided u a guide ii) selecting the proper factor and ii 
not meant to dtotlnguish deariy between fiim«» applicationi. 



<^. 



TABL1 1.1-1. HANOI OF COLLECTION EFFICIfNCIM FOR COMMOW^TYPf t 





Range of oolieetlon aff Me 






Typo off 


Electreatatic 
pipeoipitstor 


High- 
efficiency 
cyetont 


P - • - ■ / 

Low- 
f%iiiMnoi 

cycloM 


^ Settling 

chamber ex- . 
panded chimney 


Cydont furneon 
FuhnrlMdunH 
Spretdar attkif 
Otlier tttokeri 


eBto90.^ 
«)toW:8^ ' 

9BJ^ 


30to40 
66 to 75 
. 88to90 
00 to 96 


20tD30 
40 to 60 
70 to 80 
76 to 86 


.20 to 30 
26 to 80 



i«ida. 

^flw nwRimiiin ettMsney «e be 



for tlHi ooneciioo divJoe eppiW » tWt type 
EMISSI9NFACr^^ 
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TaM* 1.1-2. EMISSION FACTORS FOR BITUMINOUS COAL CpMBUSTION WITHOUT CONTROL EQUIPMENT 
, .' EMISSION FACTOR RATING: A 



— — - ■ — — — ■ — " — 1 


— f 








-\ 


— 




















Sulfur 


Carbon 


Hydro 


Nitrogen 






. / 


Particulatesb 


JoxMtif' 


monoxide 


carbon^ 


oxides 


Aldehydes 


Furnace tizo. 


lb/ton 


kg/MX 


Ib/toiv 


kg/MT 


lb/ton 


kg/MT 


lb/ton , 


kg/MT 


lb/ton 


kg/MT ^ 
coal 


lb/ton 


kg/MT 


10« Btu/hr * 


coal 


com 


* coal 


goal 




coal 


coal 


»coal 


coal 


coal 


coal 


l)eat input* 


burned 


burned 


burned 


burned 


burned 


burr>ed 


burned 


burned 


burned 


burned 


burned 


burned 


orovier Inan liliP <^ 


























(Ulihtv and large 












f ' . 


- 












^naustrlal boiltft) 


























Pulveri2ad 


























General 


1^ 


8A ' 


38S 


198 


1 


0.5 


0.3 




18 


9 


0.005 


0.0026 


Wet bottom 


13A' 


6.5A 


38S 


108 


1 


0.6 , 


0.3 


0.16 




15 


0X105 


0.0026 


Dry bottom 


17A 


d.5A 


38S 


198 


1 


0.6^ 


0.3 


0.15 


1 


9 


0.006 


0.0026 


Cvclone 


2A 


1A 


38S 


19S 


1 


0.6 


0.3 


0.16 




27.6 


0.006 


0.0026 


10 to 1000 (large 


























commercial and. ^ 


























genial induttrial 


















» 








boilers) 


























' Spreader stoker^ 


13A^ 


6.9A 


38S 


198 


2 


1 


1 


0.6 




7.6 


0.005 


0.0025 


Leta than lOi 
























m 


(commercial end 


























domettic furnaces) 










iji 
















Underfeed stoker 


2A 


1A 


38S 


198 




5 


3 


1.5 


6 


3 


0.005 


0.0026 


Hand-fked uniu 


20 


10 


38S 


19S 


00 


45 


20 ' 


10 




1.5 


0.006 


0.0026 



*1 Biu/hr-QJ»2kcel/hr. >. ^ 

■^he Ittitr A en all Mniti oihtf than hand-f ked agulpment Indicates that tha weight ptrcenuga of ath in the coal thouW bt nmiltiplied by th« velua given.- 

Example: M the latter li 16 and tha ash cpntant ii 10 parotnt, tha particulitt emiuiofis iMfore tha control equipment would be 10 timet 16, or IQp 

pouivh of par ticutate par ton of coal no timat 8/Or 80 kg of particulatf I ptr 
^8 equals tha iulfur conttnt (laa feoinota b abova). 

^Expr^aisadaf methane. . ■ ■ 

^Refeftncesl end 3 through 
^Without fly^ rekijection. 

flReferaneas 1.4. and 7 through g. * ^ , ^ 

'^For ell other itokars usa 6A for particulata amiiskin factor. . 

I Without f ly^d) rekiiectkni. With fly-adi raWiiactk>n ust 20 A. This value It not an amission factor but r^ossnts k)edirHi raachino tha control aquipmanf.* 
lReferancas7,0.and 10. • 
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1.2 ANTHRACITE COAL COMBUSTION revU^ by Tom Uhre 



Anlkracile ii# high-rank co«l having • high fixed^carbon content and low volatile-matter content 
relative to bitumlpoui coal and lignite. It it aim characterised by higher ignition and ath futiort tern- 
peraturet* Becauaf of its low volatile-matter content and non*clinkerirlp characterittict, Anthracite is 
most commonly fired in medium-sised traveling*grate stokers and small hand-fired units. Some an- 
thracite (occaaioniily along with petroleum coke) is fired in pulverited-coal-fired boilers. None is fired 
in spreader stokers. Efecause of its low sulfur content (t^-pically less than 0.8 percent, by weight) and 
minimal smoking tendencies, anthracite is considered a desirable fuel where readily available. 

In the United States, all anthracite is mined in Northeastern Pennsylvania and consumed primarily 
in Pennsylvania and several surrounding states. The largest use of anthracite is for ipace heating; lesser 
amounts are employed for stpUn-electric production, coke manufacturing, sintering and pelletising, 
and otlier industrial uses^ Antliracite combustion currently represents only a small Traction of the to- 
tal quantity of coal combusted in the United States. 

1.2.2 Emi«aiona and Contrdla'-^ 



Particulate emissions from anthracite combustion are a function of fumace^firing configuration, 
firing practices (boiler load, quantity and location of underfire air, sootblowing, flyash reinjection, 
etc), as well as of the ash content of the coal. Pulverised-coal-f {red boilers emit the highest quantity of 
particulate per unit of fuel because they fire the anthracite in suspension,'whieh results in a high per- 
centage of ash carryover into the exhaust gUses. Traveling-grate stokers and hand-fired units, on the 
other hand, produce much less particulate per unit of fuel fired. This is because combustion takes 
place in a quiescent fuel bed and does not result in significant ash carryover into the exhaust gases. In 
general, particulate emissions from travellng*grate stokers will increase during sootblowing, fly- 
ash^reinjection, atid with higher underfeed air rates through the fuel bed. Higher underfeed air rates, 
in turn, result from higher grate loadings and the use of forced-draft faAs rather than natural dran to 
supply combustion air. Smoking is rarely a problem becayse of anthracite^s low volatile-matter^ 
content. * 

limited data are available on the emission of gaseous pollutants from anthracite combustion* It is 
assumed, based on data derived from bituminous coal combustion, that a large fraction of the fuel sul- 
fur is emitted as sulfur oxides. Moreover, beeauae combustion equipment, excess air rates, combustion 
temperatures, etc., are similar between anthracite and bittuninous coal combustion^ nitrogen oxide 
and carbon monoxide emissionf are aasimied to be similar, as well On the other hand, hydrocarbon 
emissions are expected to be considerably lower because the volattle*matter content of anthracite is 
significantly leas than that of bituminous coaL 

\ Air pollution control of emissions from anthracite combustion has mainly )>een limited to particu- 
late matter. The most ef fleient particulate controls-fabric f iki^ra* scrubbers, and electrosutic precipi* 
Utora-havo been inistalled on large pulverised-«nthracite»fired boilers. Fabric filters and venturtN 
scrubbers can effect colle<;rtion ef f icienciea ^xc^eding 99 pereent. Eleetrostatie precipitators, oti ihey 
other handt are typically only 90 to 97 percent efficient due to the characteristie high resistivity of the 
low-sulfur anthracite flyash. Higher efflcieneiea can reportedly be achieved using larger precipitators 
and fliie gas conditioning. Mechanical collect ori are frequently employed upstream from these devices 
for large»particle removaL 

Traveling*grate stokers are ofteii tonconlrolled. IndeedL particulate control liar/ften been con- 
sidered unnecessary because of Mi||kracite> low smoking teMencies and dtie td thf^et that a signifi^ 
eant fraction of the large^iaed flyaih from itokers is readily collected in flyash ho|(ers as well as in the 
-breeching* and base of the stack Cyclone eoll^ors have been employed on travfling-^grate stokers; 

4/77 Extemnl Combugtion Sources ^ 
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limitMl mfocmitkMi an p efto thm devlcoi imx be up to 75 peitjcnt efficient on pvticuUte. Fly«jih rrtrv 
Wciion, frequently employed in traTeling-grate stokert to enhance fuel-ute efficiency, tends to in- 
|reete particulate emiwilont per unit of fuel combusted. 

Emiition factors for anthracite combustion are presented in Table 



EMISSION FACTORS 
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T«bl« 1.2-t. EMISSION FACTORS FOB ANTHRACITE COMBUSTION. BEFORE CONTROLS 

EMISSION FACTOR RATING: B 



Emi$$iom* 





PartkuUu 


Sulfur oxidas^ . 


Hydrocarbons^ 


Carbon 
- mqnoxidf*' 


Nitrogen ' 
oxides* 


Tvp« of furnact 


IbAon 


4co/MT 


l|)/ton 


kg/MT 


lb/ton 


kg/MT 


lb/ton 




lb/ton 


kg/MT 


Pulvtrixtd coal 


J7A* 


8.6A* 


388 


^198 


•^Neg 


Neg 


1 * 


0.6 


IB 


9 


Tfivtling grata 


1A9 


0.5Afl 


388 


198 


Neg 


N«g 


1 


' 0.6 


)6 


■ "Sr 


Hand-fired 






388 

i ■ — 


198 


2.5 


1.25 


GO 


45 


3 


1.5 



^>ThaMLfactort ar« baiad on th« Mtumption that, m vvith bituminous coal combuition, most of tha fual sulfur is amittad as sulfur oxklas. Limitad data in 
R^aAnca 6 vwify this assumption for pulvar izad-anthracita-f irad boilars. Ganarally mpst of thasa amiuions ara sulfur dioxida; hovvawar, appcoMin^talv 
1 to 3 parcant ara sulf i^r trioxMa. 

^Hydrodifbon amissions ffom anthracita combustion ara assumad to ba lowar than from bituminous coal cdhlbMtion bacausa of anthracita's much lowtr 
volatila-mattarcontant. No amlssiora data ara availabia to varify this assumption. \ 

<>rh« cartMM* monoxWt factors lor pulvwii«d-withracitt-f if«d t>oilars and h«nd-f Irad units ara from Tabia 1.1 ^.and ara baiad on tha simitority bstwaan 
anthracita and bitiiminous coal coratiMstlon. Tha pulwarixad-coal f irad boilars factor is substantiatad bv additional data in Ralaran^a 10. Tl^ factor 
for travanno^ata stokais is basad oo limitad information i(vRafaranca 8. Carbon monoxida ainissions nMV incraasa by savaral prtfars of maonituda if 
• bollar is not proparly dparatad or wall malntainad. ^ . . v 

•Tha nitrogan oxida factors for pulvaritad^nthracita-firad boilars and hand-firad units ara assumad to ba similar to thos4 for bituminous coal combus- 
tion givan in Tabla 1.1-2. Tha factors for travalino-«rata stpltars ara basad on f^afaranca 8. 

*Thasa factori ara basad pn tha sknHarity batwaan anthracita and bituminous coal combustion and on limitad data in Ralaranca 6. Nota that all Pwivariiad- 
•nthracUa-firad boilars oparata in tha dry tap or dry bottom moda dua to anthracita's chaiact^rUtically high ash fusion tamparatgra. Tha lattar A on units 
othar than hand^irad aqu^>*nant indicatas that tha weight parcantaga of ash in tha «o^ 

«8asad on information in Rafarancas 2,4,8a and 9. Thasa factors account for limitad fallout that may occur in fallout ^^V^'^ 
Emission factors for Indlviddal boilars ihay vary from 0.5A lb/ton <0,26A ka/MT) to 3A lb/ton U.BA I^T), and as hiah as«A lb/ton <2,5A ko/MTI 
. durlna soot blowing. . -ny^' ■ . ■'•^ .-' .-ty ■ ■ 

^dasad on limitad information in f^^^ . . 
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1.3 FUEL OIL COMBUSTION 



1.3.1 General' ' 



by Tarn Lalirr 



Fuel oils ire broidly classified into two major types: distillate and residual. Distillate oih (fuel oil grades I arid 
Z) ift used mainly in domestic and small commercial- app(rcations in which easy fuel burning is required. 
Distillates are more volatile and less viscous than residual oils as wcP as cleaner, having negligible ash and nitrogen 
contents and usually containing less than 0.3 percent sulfur (by weight). Residual oils (fuel oil grades 4, S, and 6), 
on the other hand, are used mainly in utility, industrial, and large commfcrciaKapplications in which sophisticated 
combustion equipment can be utilized. (Grade 4 oil is sometimes classified a| a distillate; grade 6 i| iometimes 
referred to as BunXer C.) B^ing more viscous and less volatile than distillate oils, the heavier residual oils (grades S 
and 6) must be heated for ease of handling and \p facilitate proper atomization. Because reslcjiual oils a^ 
produced from the resii|ue left over after the lighter fractidhs (gasoline, kerosenlL and distillate oils) have been 
removed from the ^rudt-oil, they^Qniain rignificant qutntities of a$h. nitrogen, jJkl sulfur, Properties of ttpici) 
fuel Otis are given in Appendix A. i \ 



1.3.2 Emissions 



Emissions froiii fuel oil combustion are dependent on the grade and composition of the fuel, the type and size 
' of the boiler, the firing and loading practices used, aifd the level of equipment maintenance. Table 1. 3* I presents 
emission factors for fuel oil combustion in units wit^iout control equipment. Note that the emission factors for 
industrial and commercial boiler^re divided into distillate and residual oil categories because the combustion of 
each produces significantly different emissions of particulates^ SOx, andNO^ The reader is urged to consult the 
^references cited for^ detailed discussion of all of the parameters that affect emissions from oil combustion. 



l'.3.2. 1 Particulates^"^* - Par^ipulate emissibns are most dependent^ on the grade of fuel fired. The lifter 
distillate oils result in iigniflcantly lower particulate formation than^dn the heavier residtul oila. Among residual i 
oils, grades 4 and 5 usually result in leu. particulate than docs ^he fieavier grade 6. ^ V 

In boilers firing grade 6, particulate emissionr can be described, on the averagej ti a function of the sulfur 
content of the oil. As shown in Table 1 .3- 1 ( footncfte c), pa^culate emissions can be reduced considerably when 
low-sulfur grade 6 oil is fired. This is because lovi(*sulfu^rl||^$, whether refined from naturally occurring 
low-sulfur crude oil or desulfurized by one of severaflproiMljaes currently in practice, exhibits substantially lower 
viscoiity and reduced asphaltene, ash, and sulfur content - all of ^whtch result in better atomization and cleaner 
combustion. • ^ % ' 

■ rVi ^ 

Bpiler load can also affect particulate emissions In uniu firing grade 6 oi}. At low load conditions, particulate 
emiiiions' may be lowered by 30 to 40 percent from utility boilers and by as much ai 60 percent from small 
industrial and commercial units. No significant particulate reductions have been noted at low loads frwn boilers 
- firing any of the li|fater grades, however. At foo low a load condition, proper combustion conditions cannot be 
maintained and particulate emissions may increase drastically. It should be noted, in this regard, that any 
Condition that prevdiu propel* boiler operation can i^wlt in excessive pbticulate fonnation. 



1.3.2.2 Sulfur Oxides (SOx)*'^ - Total sulfur oxide emissions are almost entirely dependent on the^ sulfur 
content of the fuel and are not affected by boiler size, burner design, br grade of ftiel being fired. On the average, 
more, than 95 percent of the fuel sulfur js converted to SO2. with about 1 to 3 i^'rcent further oxidized to $03. 
Sulfur trigxide readily reacts with water vapor (both in the air and in the flue gasfcs) to form a sulfuric acid mist, 
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Ptollutant 



VaM* EMIUION FACTORS FOR FUEL OIL COMBUSTION 
/ EMISSION FACTOR RATftiQ: A " ■ 

- ^ * ' " ' ' ' 



Type of bollar* 



Powr plant / 



RMkhMloil / 



4b/10^aal 



lO^liMr 




Industrial commtrcial 



Ratklual oU 



llt/IO^O*! 



ko/IO^ litfr 



DiMillata oil 



lb/1 0^ sal 



Ib/IO^oal 



Oorrmtic 
Diitilla f oil , 



'Particulatal> \ 
Sulfur dionUkP 
Sulfur trioxida<' 
Cirbon monoKida* 
Hydrocarbons 

<totol.atCH4)f 
NitroQan oxidti 

(total. NO^)9 



ai2 



c 

1678 
28 
6 

1 

60i 



c 

10S 
0.26S 
0.63 

0.12 

7.6i 



2 
142S 

• 28 
6 



t3! 



22 



a26 

17S 
a26S 
0.63 

0.12 

2.8 



2.5 
1428 
28 
6 

i 



0.31 

178 
0.258 
0.63 

0.12 

2.3 



HtMm* CM ba ctoMMtad. roii«Nv. 
^ piMt (ytllltyl bolltrt: 



rdint to thair roMjIHighar) haai inpu< rala. 

1Q^Biu/hr 
.^JK lO^liraaWwl 
/but<280K 11i*Btu/hr 
^but<t3K 10S|irMl/Nr) 
.OiB.but <1Bii 1(l*Btu/hr 
Vn loi. but <3.7 n io0|irMi/ti'l ' 
<aBN lOSBtu/hr 
«ai3 K 106iit^/hr| 

I B. fartkutata to daf inad In thto taciion m thai 
Itod B (front half catch|7. 

- J fok ratMuai oH «M|ib(wtlon wa bast Hw c ribid . on 
/qf-fual oU anMla and Mlfiir eahtam. at ihown Mow. 

ir'ioi8l + 3\ 

Ikg/K^iltar - 1.3B (8) ♦f.)B| 
- Whara: S to tba parcantasdby ««a<0ht. o( lullvr In tha (Mt ' 
. OradaBoN: 1BNM(|03iain.2BI(B/l09|Htar) 
.Orada4oil: 7 lb/10laal(aniiB/IO'lliar) 
^'BaMd on flaf aran^ 1 thfOugh B 8 to tha parcantast, by wolgh), of tuif ur in 
■ lha.oH. ^ «. ' 

^BaMd On Rafaranea* 3 through B and B ihroufh 10. ^bop roonoxMa amiMions 
may Ineraata by' a factor of 110 to 100 If a unit U Imprbparly oftaralad or not waN 



InduftlrM bolltri: >I8k It 
, . <>3.7ii II 

. ComfntrcM boHtrt : >&8 m 

**BaMd on Rafarancaa 3 ihirc 
matarlal coNaetad by EPA j 

•Partleulata a m i w lan faei« 
tha avarat** f hmatt 
OradaBoH: Ib/IO^i 



'Bwad on Rafarancat 1. 3 throufh B. and 10. Hydrocarbon ambilon* ara ganar- 
ally naUiflbla unlaM unit to hnproparly oparaiad or nov«al» itwiniainad, in 
vyhich caM amtoilom may Incraaaa by tavaral ordart of magnituda.^ > 

BBtMd on Rafaraneai Vthrouili ^ an^ •.through 1 1. ' 

'^iWte lb/109 tal (S>2B li«/103 lltar) for tangantially f irad bpltort and 106 
Ib/103 gal (12.B kf/IOS litar) for all oihart. at full load, and norMat 016 
parcant) aMcaM atr. At raducad loadi. NOk amtodoni ara raducad by M to 
1 parcani. ori iha araraBal far awary parcantaga raduclion in boilar load 

'Savaral combMtionjibdiflcatiorM can ba amployadlor tiOn raduction: O ) 
limilad aKcait air firing can raduca NOk amtoiioni by 8 lo 30 parcani. (21 ttagad 
oombuMlon can raduca HO^ amIMone by 20 to 48 parcani. and (3) f iua 
'raciitutolion can raduca NO^ amtotiom by 10 to 48 parcant Combination* of 
tha modlficatl0na hava baan amployad to raduca NOm am»i»»ont by n much ■• 
BO parcant In cartain bollari. Baa taction 1.4 fo^ a dtocuirton of ihata.NO«- 
raducing taehnlquai. * • 

^Nitrooan OMtdat amtoiiona fronn ratidual oU combutilon in induiirial and tom- 
marcial boHart ara tirongly dtpandant on tha fual nitrogan coniani and can ba 
aMimaiad mora aocuratalv by tha foltowing ampirfcal ralailomhi^: 
lbNO2/103gtl-22 * 400(N|2 ^ - ^ 

|kaNOa/l03|«t*rt-2.7B>B0(N|2l * , 

Whara: N to ihaoarctntaga. by of flltrogan In tha dfi. Noia: f w'wWual 

oill having hHH»< -^0.8%. bvwalghtl nitrogan contaott.onai^^ 1201b < 
NOj/KH gal TiBlig NOyiOS litar) ai an amtotlon factor; 



1 3.2.3 Nurogcn Oxides (NOx)*"*' * - Two mechaniims form nitrogen oxides oxidition of fucl bonno ^ 

nitrogen* tnd thermal fixation of the nitrogen preient^in combustion air. Fuel NOx are primarily a function of (he 
mtrogen content of the fiiel and the available oxygen (on the average, about 45 percent of the fuel nitrogen » 
^ convened to NOx, but this may vary from 20 to 70 percent). Thermal NOx. the. other hand, are largely a 
function of peak flame temperature and ava^^bte oxygen - factors which are dependent on boiler size, firing 
configuration, mid operating practices. 

/ Fuel nitrogen conversion is the more important NOx^forming mechanism, in boilers firing residual oil. Except 
{ in certain large units having unusually high peak flame temperatures, or in uniu firing a low-nitrogen residual oil, 
fuel NOx ^ill generally account for over SO percent of the total NOx generated, thermal, fixation, on the other 
han3« is the predominant NOx -forming mechanism in units firing distillate oils, primarily because of the negligible 
nitrogen content in tliese li(^ter oils. Because distiflate-oil-fired boilers usually have low heat release rates, 
however, the quantity of thennal NOx formed in them is leu than in larger uniu. 



A number of v^ablcs influehce how much NOx > foirmed by these two ifnechtnlafflt One important variable 
is firing conflgurai^on. Nitrogen oxides emissions from tangentially (corner) fired Boilers are, onihe average, only 
half those of horizontally opposed units. Also important are the firing practices employed during boiler operation. 
The use of limited ex^^ staged combustion, or some combination thereof, may 

result in NOx reductions .ruiging, from S to 60 percent. (See section 1.4 for a discussipn of these techniques.) 
Load reduction can likewise decrease NQx production. Nitrogen oxiiks emlssionl may beweduced from 0,S to 1 
percent for each percentage reduction ^ load fronri fiill load operation. It should be noted that most of these 
variables, with the exception of exceu air, are applicable only in large oil-flred boilers. Limited exoeu al^flring is 
possible in many small boilers, but the resulting N0][ reductions are hot n^ariy as significant. * ^ 



1 T ■ ■ 

1 .3.2.4 Oth«?r Polluttnj^ ' • f^' ••^O. 14 _ ^ , ^lA, only minor amounu of hydrticarboni and carbon mpupxlde 
will b« produced duriilg^el oil combustion. If a unit it operated improperly or not maiiU^ned, however, the . 
resulting concentrations of these pollutants may increase by several orders of magnitude. IWls moat likely to be 
the case with small, often unattended units. 

1 .3.3 Controls ^ , 

Various control deviceupd/or techniques may be employed on oil-fired boilers depending on the type of 
boiler and the poHutant ^ing controlled. All such controls may be tlassified into three categories: boiler 
modifkatipn, fuel substitution, arid flue |as cleaning. >■ 

. . . ■ . ■•- N ■ ■ ' ■. . .* . . . ' - ' ' 

1.3.3.1 Boiler Modifkation^'^' '*'' - ftpUer modification includes any physical change in the boiler 
ap|>aratus itself or in the operation thereof. Maintehan$e of thie bumar system, for example, is important to 
as|\ire proper atomization and subsequent minlndzation of any unbumed combustibles. Poriodic tuning is 
important in small uniu to maximize openting efficiency and minimize pollutant amissions, particularly smofci 
and CO. Combustion modificttions such u limited excess air firing, flue gu ntcirculation, stagid combustion, and 
reduced load operation aU result in lowered NOx emissiotu in targe fadlhies. (See Table lJ-1 for specific 
reductions possible through t|h|it(se ccimlwstion modifteat 

1.3.3.2 Fuel Substitution^^' ^ Fuel substitution, that is, the firing of "cleaner" ftiel oils, can subttantiaUy ^ 
Kduce emissions of a number of pollutants. Lower sulfur oils, for instance, will reduce SOx emissions In aO 
boilers le^rdless of siz^e or typ^ of unit or grade of oil flred. Particulates will generally be reduced when a better 
grade of oil is flied. Nitrogen oxide emissions will be reduced by switching to either a distillate oil or a residual oil 
containing less nitrogen. The practice of fi^X tubititutlon, however, may \f9 limited by the ability of a . 
opetatim to fire i bette^r grade of oil ts weU tt the coat and availability t^ 
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1 3 3 3 Rue G« Qtanini*- - Flue gas cleaning equipment is generilly only employed oo large oil-fired 
boiien. Mechanical collectors, a prevalent type of control device, are primarily useful in controlling paniculatcs 
lenerated during V>ot blowing, during upset conditions, or when a very dirty, heavy oU is fired. Dunng these 
Stuations high efOclency jbyclonic collectors can effect up to 85 percent control of particlilate. Under normal 
Aring conditions, however, or when a clean oU U combusted, cyclonic collectors will not be nearly as effective. 

Ekctroetatic precipitators an commonly found in power planu that at one time fired coal. Precipitators that 
were desiBied for coal Hyash provide only 40 to 60 percent control of oU-flred particulate. Collection efficiencies 
of up to 90 percent, howevtr. have been reported for new or rebuilt devices that w«re specifically designed for 
oU-firing units. 

' Scrubbing systems have been installed on oil-fired boUers, especiaUy of late, to control both sulfur oxides and 
teiticuUtc These systems can achieve SO2 rerno*^ efficiencies of up to 90 to 9$ percent and provide particulate 
QoaittA efflctoicies on the order of 50 to 60 percent. The reader should consuhReferences 20 and 21 for detaiU 
on the numerous types of flue gas desulfUrlzation sysfems currently available or under developnieni. 

■ ■^ - 
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Revised by Thomas Lahre 

1.4 NATURAL GAS CX)MBUST10N 

1.4.1 General ».2 ^ v 

ta W».t*a p.oc.« «.»n «<! h«t «»1 «n.U». mounu of oitio- 



* ' ■ • ■ . 

1.4.2 Emteiom »iid Controls 3-» ^ 

/B«n .ho-* «..».^ ^ ^ ^-izr^ii^'^i.iir^:^?^^^^^ 

pioduced In the combuf tkm procei^, 

Emotion lev* i.«nUy »Hy-co«ldef*ly «i.h Uie wpe ind tii. or««. «o ... 

.o 70 p«i.n,. in •'[•-•''""■"'^"^"^^"."^^^u"?;!^^ *e « op«..«l «•* 
«»n. ta-tan. whU. oU.«. ''•'f'^ J,Vr) «!r»Iu..lon b.in( compte.«l by ... tai«.«l 

«r .hTbTof comb«.4o"oaun und.. f»*.l*. .«)»«'"• 
Uted At prmnt only • hive thii ctptbiUty. ho*^ey«i. 

in torn. hoOm. fo. taimce. NO. " ™ 5 b.c.u« th. «. .ff«. of .ny of M»* 
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Tabto 1.4^1. EMISSION FACTORS FOR NATURAL^AS COMBUSTION 
EMISSION FACTOR RATING: A 





Type of unit 








Industrial process 


Domestic and 




Powy 


plant 


boiler 


corpmercial heating 


^^^^ A 1 A A A A 

roiiutint 


lb/1 06 ft3 


kg/106 m3 


lb/106 ft3 


kg/106 m3 


lb/ 106 ft3 


lkg/106 m3 


Particular* 


6-15 


80-240 


5-15 


80-240 


5-15 


80-240 ^ 


Sulfur oxides (802)^ 


0.6 


9.6 


0.6 


9.6 


06 


9.6 


Carbon monoxide^ 


17 ll 


272 


17 


272 


20 


320 


Hydrocarbons 


1 


16, 


3 


48 


8 


128 


(as CH4)d 














Nitrogtn oxides 


700f->' 


11.200* h 


< 120-230)* 


0920- 


(80-120)1 


(1280- ' 


(N02)« 








3680)' 




1920)i 



*Rtf •rtncsi 4,7,8, 1 2. 

^fWftrf net 4 (tMMd on %n avvrtgt sulfur conttnt of natural gas of 3000 gr/IO^ itdft^ (4600 g/10^ ^|m3). 
CRafartncat 5,B-1Z 
<'R«f artfloat 8, 9, 1*2. 
•Rafarancai3*9, t2-ia 

^iita 300 Ib/109 ttdft3 (4800 ko/1<^tim3) for tanvantbliyflrad units. ; 
9 At rai^ead loads, 'muKlply this factor by tha toad r||luction coaf f iciant gtvan in Figure 1 .4-1 . 

*^8aa taxt for potential NOx rtductk>ns dua to combuftk>n modif icatk>ni. ^k>ta that tha NO^ radutrtion from thftf modifications 
will alto occur at raducad load conditions. 

^ This rapratants a typical rangt fo. nrvny industrial boilar«. For largi industrial units (> 100 MMBtu/hr) um tha NO^ faaors pra- 
aantad f6r pow«r plants^* ^ . ' 

i Uaf 8011280) for domastic haating units and 120 (1920) for commarcial units. • 




Figure 1.4-^1. Load raduction coefficient as function of boiler 
load. (Used to determine NOx reductions a( reduced load^ ]t\ 
large boilers.) 
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hS UQUEFIED PETROLEUM GAS COMBUSTION 



vised by Thomas Lahre 



1.5.1 General' ^^^^ 

Liquefled petroleum gu, commonly referred to uJUPG, consists mainly of butane, proptne, or t mixture of 
the two, tnd of trace amounts of propvkne and butylene. This gu, obtained from oil or gas wells as a by-product 
of g>^i|)^ refining, is sold u a liquid in metal cyJinders under pressure and, theitfore» is ofttn called bottled ^ 
IPG i^V«d<?d according to nuximum vapor pressure with Grade A being predominantly butane. Grade F 
being predominantly propane, and Grades B throuj^ E consisting of vaiying mixtures of butane and propane. The 
heating value of IPG ranges from 97,400 Btu/gallon (6»480 kcaVliter) for Grade A to 90,500 Btu/galldn (6,030 
kcal/liter) for Grade F. The large't market for LPG te the dbmeitic-conunercial market, followed ^ the chemical 
...industry,.and.the.lntfittiaLiu)mbustioa.nnglne. - ^ ^- — - 



1.5.2 Emissions! 

LFG is considered a ""clean*" fuel because it does not produce visible emissions. Gaseous pollutants such as 
carbon monoxide, hydrocarbons, and nitrogen oxides do occur, however. The moat signlHctnt facton affecting 
these emissions are the burner design, adjustment, and venting.' Improper design, blocking and clogging of the 
flue vent, and lack o^ctrntbustion air result in improper combustion that causes the emission of aldehydes, carbon 
9 monoxide, hydrocirbons, and other organks! Nitrogen oxide emissions are a function of a number of variables 
including temperature, excess air, and residence time in the combustion zone. Tly. amount of sulfur )|tlioxide 
emitted it direci^y proportional to the amount ^f sulfur in the fuel Emission factors for LPG combustion are 
presented in TAlrl. 5-1. r > i 
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to 




PartlculatM 
Sulfur ONidt^ 
Carbon nD^Kid* 
Hydrocafiwm 
Nhiogin oxidM^, 



1.8 

aoos 

1.0 
12.1 



0.22 
QL01$ 

aiQ 

0.036 
1.46 



1.7 

0.008 
1.6 

aa 

11.2 



0.20 

aois 
ate 

0.036 
1.36 



1.0 
O.O0S 
2.0 
OJ 
(8to12)<( 



0.23 
0.01S 
0.24 
a006 
(1.0to1.6)<' 



1.8 
0.00S 
1.0 

a? 

(7to11><* 



0.22 
0.01S 
0.23 
0084 
(0.8to1.3)<' 



OJW i« 0J« or 0J014 lb to, |»r 1000 iMteM <P.01 M 0.3B6 or QjM^^ 



^'UW iDNMr Mhw for domMtle iMiitt and Mfhw volu* f or oonmiwdtl u^^ 



1.6 WOOD/BARK WASTE COMBUSTTION IN BOILERS Remed by Viotnas l^hr: 

1.6.1 General 1 3 ' 

Today, the burning of wood/birk wtste in boilen it largely confined to those industries where it is available as 
a by product. It is burned both to recover heat energy and to alleviate a potential solid waste disposal problem. 
Wood/bark wute may include Urge pieces such as slabs, logs, and bark <trips as well as smaller pieces such as ends, 
shavings, and uwdust. Heating values for this waste nMige from 8000 to 9000 Btu/lb, on a dry basis; however, 
because of typical moisture contents of 40 to 75 percent, the as-fired heating values for jnany wood/barit waste 
materials range as low as 4000 to 6000 Btu/Ib. Generally, bark is the maj^ type of waste burned in pulp mills; 
whereas, a vyiable mixture of wood and bark waste, or wood Waste alone, is most frequently burned in »he 
lumber, fumiture\ and plywood industries* 

1.6.2 Firing Prtctkegi-s ^ 

/ 

A variety of boiler firing configurations are utilized fo.r burning wood/bark waste. One common type in 
smaller operation^ is the Dutch Oven, or extension type of fiir^ce with a flat grate. In this unit the fuel is fed 
through^he furnace roof and burned in a cone-shaped pile on the grate. In many other » generally larger » opera- 
tlons» more conventional boUers have been modified to burn wood/bark waste. These units may indude spreader 
ttoken with tiavtling grates, vibrating Ipate stol^en, etc, as weU u tangentiaUy fired or cyclone fired boilen. 
Generally, an auxiliary fuel is burned in these uniu to maintain constant steam when thf waste f\iel supply fluctu^ 
ates and/or to provkle more steam than is possible from the waste supply alone, 

\h3 Emissions i»2.*-« 

The major pollutajit of concern from wood/bark boilers is particulate matter although other poUuUnts, par- 
ticularly carbon monpxkie, may bes^mitted in significant amounts under poor operating conditions, Theae 
emisaioni depend on a number of variables induding (1) the composition of Ihe waste fiiel burned, (2) the degree 

of flty*ash leii^ection emidoyed, and (3) furnace design and operating conditions, 

" » ' -> ' " ■ ■ 

The oompodtion of wood/bark waste depends largely on the industiy from whence it originates. Pulping op- 
erations, for instance, produce great quantities of bark that may contain more than 70 percent moisture (by 
weight) u well as high levels of sand and other noncombustibles. Because of this, bark boilers in pulp m^ may 
emit considerable amounts of particula'te matter to the atmosphere unless they are well controlled. On tW other^ 
hand, some operations such as'ftimiture manufacture, produce a dean, dry (5 to SO percent moisture) wood 
wute that resiihs in ivUtively few particulate emissions when properly burned. Still other operations, such as 
sawmills, bum a variable mixture of bark and wood waste that results in particulate emissions soniiwhere in be- 
tween these two extremes, * X. 

Ffy-ash reinjection, which is comnwnly enqikyed in many larger boUers to improve fuel-use efficienqr, hu a 
coosideiable effect oh particulate emissiom. Because a fraction of the collected fly-ash is raii^ected idto the 
boiler, the dust loiadittg from the frimace, and consequently from the collection device, increases significantly 
per ton of wpod waste burned. It is reported that fUQ relnjection can cause a 10-fold inaeaae in the dust k)ad- 
ings of some' systems although inaeases t>f 1 .2 to 2 times are more, typical for boilets employing SO to 100 per- 
cent reinjection. A major factor afActing thit dust loading ihcrease is the extent to which the sand and other 
non-combustibles ca^i be successfully separated from the fly-ash before reii^ection to the fumiwe. 

Furnace design and operating conditions pxt particularly important when burning wood and bark waste. For 
example, because of the high moisture content in this waste, a larger area of refractory surface shouU be provided 
to diy the fuel prior to combustion. In addition, sufficient secondary air mU|t be supplied over the fUelbed to 
bum the volatiles that accost for most of the combustible material in the wute. When proper drying conditions 
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do not exto. or when sufflcitnt lecondtry air is not iviilible. the combustion temperiture is lowered, incomplete 
combustion occurs, and increased particulate, caibon monoxide, and hydrocarbon emissions will result. 

Emision factors fo«||^ood waste botlen are presented in Tabk 1.6-1. For boilers where fly-ash reinjection 
is employed, two'factors are ihq^. the first represents the dust loading reaching the control equipment; the 
value in parenthesis represents the dust loading after controls assuming about 80 percent control efficiency. All 
Q^ther factors represent uncontrolled emissions. 



Tibto 1.6-1. EMISSION FACTORS FOR WOOD AND BARK WASTE COMBUSTION IN BOILERS 



j^ \EMIS8ION FACTOR RATING: B 










Emissions 




Pollutant 


IbAon 


kfl/MT 


Ptrtkulatts* 










Barfcb.e 

With fly-ash rainjectiorfd 
Without f ly-«sh rein|ection 


76(15) 
50 






37.6(7.5) 
25 


Wood/barfc mixture^* " 
With fly-ash r«lniectioni< 
Without fly-ash r«in)«ction 
Wood«.9 
Sulhir oxidts (S02)'>'> 
Carbon monoxklal 
Hydrocart»nsl( 
Nhrogan oxldn (N02)^ 


45 <%) 
30 
6-16 

2-60 
2-70 
10 




r 


22.5 (4.5) 
15 
2.5-7.5 
0.76 
1-30 
1-35 
5 



nhm tmlMkw factm wti* dwwnloKl for bolt«n bumlny 9U or oil m m •uxlllarv fu«l, and it ww wumtd all ptrtlcuUW 
rMulMd frocn \Ym ¥VMt« futl alooc Wh«n ocmI Ii bumrt w an «uxlll«rY fu*l. th« appropriatt amitilof^ factor from labia 1.1-2 
^MMjId ba uiad In addKlon to tha abo^'^ factor. 

tnrbafa factort baaad on an aa-flrad TOistura contant of 00 paf<^ . ^ 

CRafarancaa 2, 4, 9. '\ ' 

^h-hU factor rapraaanti a typical durt loading raachlog tha control aqulpmant for boilars amployino fly^th falnitctlon. ;Tha valu# 
in pyamhath raprvtanti amlwionf aftar tha control aquipmant ataomin^ an avaraO# aff Iclancy of 80 X'^i^^'^* 
•Wafaranoaa 7, 10L 

Mhia vMata Indudat daan, dry (0 to 50 paroant moittufa) aawduat, iha^lngij ands, ate, and no bark. For vyall datignad and 
oparatad bollart uta lowar vaKia and highar valuaa for ofharK Thii factor it axprawad on an aa-f irad moiitura contant batit a»- 
•unrfnfl no f ly-aih rainjaction. ' 

Mafar«ncaa 1 1*1 3l 

•ni^la facto \% caleulatad by matarlal batanoa atauming a maximum sulfur oontant of 0.1 parcant in tha wana. Whan auxiliary 
foala ara burnad, tha appropriata factoip from Tablat 1.1-2, 1.3-1, or 1.4-1 should ba utad in addition to datarmlna iutfur oxMa 
amiialonit 
^fWfaf^noM 1 6^ 7* 

Inm fMtor it beMd on *n^\nmt\n9 Judsfmnt end llmltwl dm from reference* 1 1 through 1 a U»e low#«r value* for well desigrMd 
anfl operated boilers. 

fector Is besed o« limited dati frtMn references 13 through 18. U» lower valuei for nwell de«loned end opereted boilers. 
^Mefarenee 1& 
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. by Thomas Lahre 

1.7 LIGNITE COMBUSTION 

1.7.1 G«n«riI>-« 

h« .high motetuic content (^5 to 40 percent. weifju) jmd • ^^^^ t\^^^\.^Sinm centered about 
b-i.) «d i. generlly only bum^ do« to i« ^^^^^^ V^iLtstic situation., hgnite is 

facilities lie necesstry to tenente each megswttt of Pow«' " ^ g„erw U lost in the giseous 
^ ..Mon. fo, this. I^. th. higher n^Utu!^^^ 

pwHhicts of combusUon. wKich leduces boOer efficiency. Second, mo** ^ISJ^tTeflube ««:lng and 
.izc needed for combusUon. "P«<^yJ",.it?. "^o^n^^^^^^ 

SSI of uUnl^ whenlU unique characteristic, are uken into «xount . 
1V2 EmfasionsandConttob * 

conditions. v , 

p., unit of f«lb»n»d. BoA^done. wW* c^^ 

come into contact with the boiler surfaces. 

Nitrogen oxides «nl..lc«s «« -"^X 'J^^^^ l^Jlt;!^^^^^^^ 
pKHhiceoTe highest NOx P*^''**^ ^^'^J^.^LTbo^eTpl^^^ ^<^onn because 

conjbustlon occuj. c«er a ^•y'^'Jf™' J^"'^^^^ p.JJuce the lowest NO^ leveU mdnly beam.. 
Itt^ruCul -^-^^^ S;tf ^JS. U^.n'Jher firing Vs. In most boileS. regsrdle.. of firing 
^^iguTuon! irer exceu dr during combusticn resultt in lower NO^ emisrions. 

c .1^ «f th* .iloli fesnedaiiv sodium) content of the Ugnite ash. Unlike most 
Sulfur oxide emissions are a function of „ SO,, a signincant fraction of 

foisU fbeVcombustion. in which ovjr 90 jjrcent of the J^J^ Sn aifris^w^^^ i^tht boiler ash deposits and 

sulfatatalu. 
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n Controls on Ugnit^ flred boUeri In the. United Stales have mainiy been hmitcd Co cyclone 
coUectort, which typicilly achieve 60 to 75 percent collection efficiency on lignite fiyash. [Iccirosiatic 
precipitators, which are widely utilized in Europe on lignitic coals and can effect 99+ percent particulate confrol. 
have seen only limited application Irt the United States to date although their use will probably become 
widespread on newer units in the future. 

Mitrogen oxides reduction /up to 40 percent) has been demonstrated using low excess air firing and staged 
combustion (see* section 1.4 for a discussion of these techniques); it is not yet known, however, wheuier these 
techniques can be continuously employed on lignite combustion units without incurring operational problems. 
Sulfur oxides reduction (up to SO percent) and some particulate control can M acliieved througli the use of high 
sodium lignite. This is not generally considered a desirable practice, however, because of the increased asli fouling 
that may result. • 

Emission factort for lignite combustion are presented in Table t .7-1 . 



Tabit EMISSIONS FROM LIONiVe COMBUSTION WITHOUT CONTROL EQUIPMENT* 

EMISSION FACTOR RATING: B 



t 

Pollutant 




1 




Typa of boiler 








Pulverizad-coal 


Cyclona 


Spraaktr stoker 


Othar stokers 


lb/ton 


kg/MT 


lb/ton 


kg/MT 


lb/ton 


kg/MT 


lb/ton 


kg/MT 


Particulat*^ 


7.0A*^ 


3.5AC 


6A 


3A 


7.0A*' 


3.5Ad 


3.0A 


1.5a 


Sulfur oxidM* 


303 


158 


30S 


15S* 


30S 


15S 


30$ 


158 


Nitrogen 






17 


8.5 


6 


3 


6 


3 




















HydrocartMns* 


<1.0 






<0.5 


1.0 


0.6 


1.0 


0.5 


Carbon , 


1.0 


0.5 


^ 1.0 


0.5 


2 


f 


2 


1 


nnonoxidai 



















*AM eminloo ^actoa era txprMwd in terms of pounds of pollutant^ptf ton (kilograms of pbllutaot per metric ton> of lignitt tnimad, 

wtt bests (36 to 40 peroant moistura, l>v weight). 

is the aah oontfnt of the lienita by vveiftht^ vMt basis. Faietor« t)^^ 
^Thlt facttK Is baMd on data for dry-bottom, pu)veriaed-ooo)*firad units only. It is axpoetifl that xb\f factor would be lowtr for watr 

bottom units. . v ? ' n 

^Llmitad data prechxie anydttarmtnation of tfU affect of flyash reinitction. It is axpectM that particulate amisaiont would tia 

gramr when rtinjaction la employed. 

^ is the sulfur content of ths lignitt by weight; wet basis. For t high sodium-ash lignitt (NtaO > 8 perctnt) uta 17S lb/ton (B.5S 
kg/MT); for a low sodiuriKaih lignite ^Na^O < 2 percent), utt 39$ lb/ton (17.68 kg/MT). For inttrmtdiatt ^odiunvtsh lignita.^or 
whon the todium-ash content it unknown, use 30S lb/ton 1158 kg/MT)). Factors baatd on Raftnmces 2, and 6. 

^Expretstd as NO2. Factors bated on l^efaranott 2, 3« 5, 7, and 9. 

9UM 14 lb/ton (7 kg/MT) for front^ll-firtd and horisont^ly oppottd wall-fired units and 84b/ton (4 kg/MT) for tar^ntlally y 
fired units. ! ^ 

^Nitrogtn oxWe tmMons may be rtdubad by 20 to 40 pareent with k>w excasa air firing and/or staged combustion in front-fired 
and oppoted-¥valMir«d units and cydpnes. 

'These factors are beted on the sintitarity of lignitt combustion to bituminous ooel combustion and on limited data in Refarenoa 7. 
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1. Kiik-Othmer Encyclopedia of 0ten»k:al Technology. 2nd Ed. Vol. 12. New York, John ^iley and Sons, 1967. 
p. 381-413. I * 

■ . . • ■ . ■ ■ • . . ^ ■ ." ■ • 

2i Gronhovd, G. H. et al. Some SMle* on Stack Emiuions from Lignite-Fired Powerplants. (Presented at the 
1^73 LignlTe Sympoaium. Grand Forks, North Dakou. May 9-10. 1973.) 

3. Study to Support, Standard! of Perfdrman^a for New lJgnite*Fired Steam Generators. Summary Report. 
. Arthur 0. Uttle. Inc., Cambri^fe, Ma«nchusetu. Prepared for U.S. Environmental Protection Agency, 



Reseaich Triangle Park, N.C. und#r contraet.No. 68^-1332. July 1974. 
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5. Source t«tt dau on Uinlte-flrtd power pUnti. Supplied by North EWcott St«te Deptrtment of Health, 
ttamark, ND. Decmnber 1973. 

6. Gronhovd. Gil. et aL Comptriion of Aih Fouling Tendenciei of High and Low-Sodium Lignite from a North 
DakoU Mine. In: Prooeedinfi of the American Power Conference. Vol. XXVIH. 1966. p. 632-642. 

7 Crawford A R et al. Field Teeting: Application of CombutUon ModiffcaUont to Conuol NOx Emlirioni 
from Utity BoUeia. Exxon Research and Engbwrinf Co.. Linden. NJ. Prepared for U.S. Environmental 
ProtecUoni Agency. Retearch Triangle Park. N.C. under Contract No. 684J2.0227. Publkallon Number 
EPA^50/2.74^. June 1974. 

8. Eii|rtbi»cht,^.^;^lectro«at4c Pwdpttatow In Thermal Power SUtlonaUiing Low Grade COal.(Preiented at 
28th Annual Meeting of the American Power Conference. April 26-28. 1966.) 

9 Soune test data from U3. EnYironmental Protection Agency. Offfce of Air QuaUty Planning and Standards, 
Reseaich Triangle Park, N.C. 1974. 
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1.8 BAGASSE COMBUSTION IN SUGAR MILLS 



by Tom Lnhre 



l.SA GeneraP 

BagsBie it the fibrous residue fron^sugar oane that has been processed in a sugar mill. (See Section 
6.12 for a brief general description of sugar cane processing.) It is fired in ^oilers to eliminate a large 
solid waste disposal problem and to produce steahi and electricity to meet the mill's power require- 
ments. Bagasse represents about SO percent of the weight of the raw suglr cane. Becauseof the high 
moisture content (usually at least 50 percent, by weight) a typical heating value of wet bagasse will 
range from 3000 to 4000 Blu/lb (1660 to 2220 kcalAg). Fuel oil may fired with bagasse when the 
miir s power requirements cannai.be met by burning only ba|(asse or when bagasse is too wet to support 
combustion. 

The United States wgAT industry is located in Florida, Louisiana, Hawaii, Texas, and Puerto RieO; 
Except in Hawaii, where raw sugar production takes place year round, sugar mills operate seasonally, 
frpm 2 to S months per year. 

*» 

Bagasse is commonly fired in boilers eiAploying either a solid hearth or traveling grate. In the for- 
mer, bagasse is gravity fed through chutes and forms a pile of biiming fibers, Yhe burning occurs on 
the surface of the pile with combustion air supplied through primary and secondary ports located in 
the furnace walls. This kind of boiler it common in older mills in the sugar cane industry. Newer boil- 
ers, on the other hand,' may employ traveling*grate stokers. Underfire air is used to suspend the ba- 
gasse, and overf ired air is supplied to complete combustion. This kind of boile|r requires bagasse with a 
higher percentage of fines, a moisture content not over 50 percent, and more experienced operating 
personnel.. 

Emiasiona and Controla^ 



Particulate is the major pollutant of concern from bagasse boilers. Unliess an auxiliary f i^l is fired, 
few sulfur oxides will be emitted because of the low sulfur content (<0.1\pe^nt, by weight) of ba- 
gaase. Some nitrogen oxides ar^ emitted, although the quantities appear to be somewhat lower (on an 
equivalent heat input baais) than are amitted from conventional foa«il fuel boilers. 

Particulate emiieions are reduee^ by the use of multi-eyclones and wet scrubbers. Multi*eyclones 
are repor|edly 20 to 60 percent efficient on particulate from bagasse boilert^ whereas scrubbers (either 
venturi o^tfae spray impinf ement type) are usually 90 percent or more efficient Other types of con- 
trol equipment have been investigated but have not been found to be practical 

Emission factors for bagasae fired boilers are shown in Table 1.8-L 




■■ ' ■ ■' ■ . . ■ , . . . ■■ 
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TabI* 1 8-1 EMISSION FACTORS FOR UNCONTROLLED BAGASSE BOILERS 

EMISSION FACTOR RATINQ: C 







(ion factors 




Ib/103 lb sx—m* 


g/kg tttam' 


IbAon baguM^ 


kg/MT bagastt'^ 


Particulatt*^ 
Sulfur oxidM 
Nitrogtn oxIdM* 


4 

d 

0.3 


4 

d 

OJ 


16 


8 

d 




1 — 



• Kmiaion tactora ar* viBraMd In tmmt of th» amount of ttmm produewl. « n»o« mllh do not mooJtor 



tmtaSon factor* from TabI* 
bEmlMiont ara wpraMd In t«mt of wat bagMM. containing iPProxllm««Jv BO pyoyt mototw a. I>y w» >ght. 

cMult^ovdonM ar* raportadiv 20 to 60 parcant -W^^* ^^^l^r*)^ torubtrnf 
»ao«Hiblaof«ff«rtlnf90ormorapar{»ntp«tteulataeontrol. Biwd on RafarwKa l. 

d&Hfur aifkto ■mmiom from ttia flrJno of bagMN alona vwhiW ba axpMtad to ba naglifibM higmi typtoHv 

Tabia tboukl b« uaad to aRtonata wif ur oxida amWona. 



*Baaad on ftofaranca 1. 



Reference for Scctioii 1^ 

1 BMkgroimd DocumcLt: BacMM» Combustion in Sufw Milla. Prepared by Environmental Science 
and Enflneerinf, Inc., Cainearille, Fla., for Enrironmenul Protection Afency under ContricC 
No. 68i2.1402,Taak Order No. IS. Document No. EPA^/S.7t4)07.ReaeMcbTrl«i«le Park, N.C 

October 1976. 
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1.9 RESIDENTIAL FIREPLACES fcy Tom Lahte 

I.9.V G^eral>*< 

Flreplaoei are utilbed mainly fai homea, lodgw, etc, for iupplcfnental heating and for their aesthet- 
ic effect. Wood is most commonly burned in fireplaces; however, coal, compacted wood waste "^logt^** 
» paper, and rubbish may all be burned at times. Fuel is generally added to ihe fire by hand on an inter- 
mittent basis. ^ 

Combustion generally takes pLice on a raised grate or on the floor of the fireplace. Combustion air 
Is supplied^y natural draft, and may be controlled, to some extent, by a damper located in the chim- 
ney directly above the firebox. It is common practice for dampers to be left completely open during 
the fire, affording little control of the amount of air drawn up the chimney. 



Most rireplaoes heat a room by radiation, mth a tignificant fraction of the heat released during com- 
bustion (estimated at greater than 70 percent) lost in the Exhaust gases or through the fireplace walls. 
In addition, as with any fueUburning, space-heating device, some of the resulting heat energy must go 
toward warming the air that infiltrates into the residence to make up for the air drawn up the chimney. 
The net effect is that fireplaces are extremely inefficient heating devices. Indeed, in caKS where com* 
bustion is poor, where the outside air is cold, or where the fire is allowed to smolder (thus drawing isir 
into a residence without producing apreciable rfdiant heat eirergy) a net heat loss may occur in a resi* 
dence due to the use of a fireplace. Fireplace efficiency may be improved by a number of devices that 
either reduce the excess air rate or transfer some of the heat back into the residence that is normally 
lost in the exhaust gases or through the fireplace walls. 

1.9.2 Emiaaiona^s 

^ ■ ■ . -^^ . 

The major pollutants of concern from fireplaces are unburnt eombustibles<«*carbon monoxide and 
fmoke. Significant quantities of th^^ pollutants are produced because fireplaces are grossly ineffi- 
dent combustion devices due to higK, uncontrolled excess air ratei^ low c<tm^usti^n tempertturMi 
the absence of any sort of secondary ^bombustion. The laat of these is especiflly important when bum- 
thg wood because of its lypite)ly hij|h (80 percent, on a dry weight basis)^ volatile matter content 

Because most wood contains negligible sulf ur« very few sulfur oxides are emittet). Sulfur oxides will 
be produced, of course, when coal or oth^r sulfur-bearing fuels are burned. Nitrogen oxide emissions 
from fireplaces are expected to be negligible because of the low cpmbtistion temperatures involved. 

Emiision factors for wood and coal combustion In residential fireplaces are given in Table 1.9*1. 
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TaM* EMISSION FACTORS FOR RESIDENTIAL FIREPLACES 



Potluttm 


Wood 


Coal* 


IbAon 


kg/MT 


IbAon 


ko/MT 


Ptrtlculat* 


20b 


10b 


30C 




Sulfur oxidw 


Vi 


Od 


36S« 


3es» 


Nhrogtn otddn 


1* 


0.5* 


3 


1.6 


Hydtocwtoom 


60 


2.S9 


20 


10 


Carbon monoxid* 


120»> 


«0b 


90 


46 



•AH coal •mtaton fwtori^ 9W&(pfi iMrtloilttft, « bMd <m d«t» l« Tttolt 1.1-2 
ol S#etlon 1.1 for htmMlrid units. 

pMileulttt dtwmlnod by i^A Mtthod 5 fffOoM«f catctiK »toa 
on limH«d dtu from RtfMf«co K 

^Thto Indudis oondmiW* pwtlculttt. About BO pmtm *f thh b fUtmMt 
pmiSit^Z bTiPA Mtthod 5 (front-Mf c«chK< Band on 

Iknltod dtt» from f^tftf^nct 1 . 

^•Md on mUlMhtn tulfiir eontmt In moit «md.^ 

li tho tulfiir comtnt. on ■ woioHt p««nt b«it. of ttw dool. 

^BMd on dab lnT«b4« 2.3-1 in iwrtton 2 J f or w»od wwtt owburtkni In 

fBOOIOBI I 

• Nonmftf»i»tvol«tNhv*ocart»oot. B«Md or limind ditt frofnH*f*r»m!« 1. 
h gggad on llmhad dmi from n*f«r«no> 1. 



RefcreacfMi for Section 1.9 

I SiHmd«, VJ).,«t •LSpu«»S«npliiif R«ld«tidlFlrvi»Uc«forEmta^^ 

A^7R-.«rfi Trl«..le P-k, N.C, u»d« C6ntr.ct O^ im PuWI-tlon No. EPA.450/S. 
744)16. Nor«Bb«r 1971 4. 

m^U .t thtr Pacine NorthwUt Inttmattonid Sactlon of tba Air PoUutioii Control Aaaoel.tlon 
Annual MMtinf. Boiaa, Iddio. NoTMtber 1974. \ 

S. Kr«totot«.Haiiry.Co«lHiatloaofWood.WaatoFuela.M6diMrfcdEii^ 
ltS9. 

• • 

4 Tltl« 40 - Proteetioa of EnvlroamMit. Part 40: Sundarda of Perforownce for SuUoiMry 
SoaioML Motliod $ - DotooUiiatlon of Emiaaion from Suttonary Soureoa. Federal Regiater. 3k 
, <I47)! t4S88.1489©, D«»mber IS, 1971. 
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2. SOLID WASTE DISPOSAL 

Revised by Robert Rosensteel 

As dtHned in the Solid Waste Disposal Act of 1965. the. term **5olid waste" means garbage, refuse, and other 
discarded solid materialsA including solid-waste materials resulting from indu^jtrial, commercial, and agricultural 
operations, and from community activities. It includes both combustibles and noncombustibles. 

Solid wastes may be classified into four peneral categories: urban, industrial, mineral, and agricultural. 
Although urban wastes represent only a relatively small part of the total soUd wastes produced, this category has 
a large potential for air pollution since in heavily populated areas solid waste is often burned to reduce the bulk 
of material requiring^final disposal. 1 The follo^vdAg discussion will be limited to the urban and industrial waste 
categories. j 

An average of S.S pounds (2.5 kilograms) of urban refuse aiM garbage is coUected per capita per day in the 
United States.^ This flgure does not include uncollected urban and industrial wattes that are disposed of by other 
means. Together, uncollected prban and industrial wastes contribute at least 4.5 pounds (2.0 kilograms) per 
oipita per day. The total gives a conservative per capita genera^on rate of 10 pounds (4.5 kilograms) per day of 
urban and industrial wastes. Approximately 50 percent of all the urban and iniilustrial waste generated in. the 
United States is burned, uiing a wide variety of combustion methods with both Enclosed and open 
burning^. Atmospheric emissions, both gaseous and partk:ulate> result from refuifc disposal operations that use 
combttstiori to reduce the quantity of refuse. Emissions from these combustion processes cover a wide range 
because of their dependence upon the refuse burned, the method of combustion or incineration, and other 
factors. Because of the large number of variables involved, it is not possible, in general to delineate when a higher 
or lower. emission factor, or an ihtermediate value diould be used. For this reason, an average emission factor has 
been presented. 

'Refeitncts . - ^ ' • ■ " . f 

1. Solid Waste - It Will Not Go Awty. League of ¥iomen Voters opthe United States. Publication Number 675. 
April 1971. 

Z Black, H.L. Hickman, Jr., AJ, KJae, AJ. Miichfck. and ItD. Vaughan. The National Solid Waste 
Survey: An Interim Report. Public Health Seivloe, Environmental Control Adniiniatratk)^ RockvOle, Md 

3. Nationwide invo^oiy of Air Polhitant Emissfcwa, 1968. UJ5. DHfiW, PHS, EAS, National Air Pollution 
Control Administration. Ra|ei|h, N.C. Publication Number AP-73. August 1970. 



REFUSE INCINERATION 



Revised by Robert Rosensteel 



XI. I Proceil D«criptloii» ~* 

TTie moit common typw of lncln«r«toi« cooiW of • rt fr«:toiy-Un«l ch«nber with • irat* upon which roftjje 

2e.to7.nd buXl Sf^JrrS. irtt.. I» mo.t c«... ilnoe buufflcfnl undwHi* (und.rr.f ) rir to provided 
nSli <o«^- combwlioo, .dditSul o«^flI• air H .dmitttd .bov the buming wuf to piomote comptet. 

In niultlpl.^h«nl!tr toci«i.nitoc.. from th. primjiy dumber How to . ontU 
!!!^ mteim ch-nber wh.rii«Ht ^ i» tdmitt«l, .ltd mo«« complttt <«f«\„^ 
S^2rti^«oi« bt lupplUd In order to promote oxldetion of combuetiblee. AuxUlMy burmJrt iie 

Smm^ teu^ m die mWngdiwnber to tncieue the cMibmtion temperttuie. Many ui^Xif* todnereton 
l^^l ^m^^S^ tun m ^mM^om tfae nrimiy c ombue Uon ctoiber^Uy^^nta th> 
txh««rtitidL Sln^<h«nber indneratort of thle type do not inHt modem 

Z1.2 DcllidtiomofliidMntorCptetoriM' 

No «>act deflnitkM of Indnetitor ite cttefortet exlet. bMjl f or thie report the foOowing leiienl cite^rie. end 
deecriptkna heve been eelected: 

1 MuHklimI mctmnion Multlple-diamber unite often hife cepedtiee grettei then 3a Iboi (45.3 KfT) 
■ oer dey end ere ueueUy equipped with eutometlc diarfinf medienlmu, Jempeniure conUoU, end 
moveble p%t» eyetemt. Munidpel Indnenton ere eho usueny equipped with tome type of perttculete 
control device, tudieieipreydumiber or electroeteticpredpltetoc. ^ 




2. ImbtstriMUeommerckl Mmritof^ Ti^ cepedtiee of theee unite coirer e wide '«l^f*»«Uy bety^n 
50en54 wSwnde (22.7,e|id i;800 ldlo|r«ne) per hour. Of either tinile. or muWple^Aember deriru^ 
Zm mSi^^ riLff intemiittentiy operated. Some Induetrii^ indneretor. !er* 

. Miito^pdS^l>nto^^ dedpi. Better ded<ned emiedon control .yetem. indude 
pt-ftred aftwbumen or^bbini, or both. 

t 7w«rih/ii<:*iir.iDf»-Atitndiindneretorbded|nedf 

^* ^^^T^i^^^t^n^ dedpTofS- unit h dmph: a U^ped co«bM,tion jh«nber^ 
Sm.T»V i-dd*^^ of the pitlid dr h tupptted from noatoe dong the top of the pit . The 
2S2 2e dbi^SS at tti^ beknr t£ h^^ 
Sn^^SrTLfQ^combS^ 

tt tte imuddpd mSipWiiiiiber unit, ncept wh^ caieftU DMcautione wt takw to oee It for^Vo«l 
eotuSuSliTndop^ 

S«ll^terf« dinned. Bmlidott ficton for ti«i>di ladneiatof. ».ed to bum 

thne audi matedab^ art Indudid la Table 11-1. 

4. Datimae Mmnmn - thh categoiy fachide. Indneiatore merketed fbr reddentid uie. Fairly ^ple in 
dSSS! IhS^hm orlSulV dumben end iimdly eie eqdpp^i with en euxiHeiy bumer^to 
ddoombuetkw. 

EMISSION FACTORS ^ 



TtM« 2.1-1. EMISSION FACTORS FOR REFUSE INCINERATORS WITHOUT CONTROLS" 

EMISSION FACTOR RATING: A 





f^articulates 


Sulfur oxidds^ 


Carbon monoxkie 


Hydrocarbons^ 


Nitrogen 


oxktes<> 


lncin«r«tor typt 


lb/ton 


kg/MT 


> lb/ton 


kg/MT 


lb/ton 


kg/MT 


lb/tm| 


kg/MT 


lb/ton 



kg/MT 


Municipal^ 

^ Multipto chambtr, uncontrollMl 


30 


16 


2.5 


1.26 


- 

36 


17.6 


16 


0.76 


J 


1 R 


With ttttling cHimbar tnd 


14 


7 


2.6 


1.26 


^36 


17.6 


J^1.5 


0.76 


3 


I.D 


w«iVf ipt py lyvtviii 


















- 




1 ndutt rial/comnMf ci0l 
Multipl* ch«fnb«f« 
SInoli <^h«Tib«r'' 


7 

15 . 


3.5 
7.6 


2.9«> 
2.5'» 


1.25 
1.25 


10 

20 - 




3 
16 


1.6 

7.6 


3 
2 


1.5 
1 


TrMirhl 

Wood 

Rubber tim 

MMniiciptl r«fuM s ' 


13 
138 

37 


6.6 
69 
18.6 


0.1" 
NA 

2.5»», 


0.06 

HA ^ 

1.26 


NA* 
NA 
NA 


NA 
NA 
NA 


NA 

' NA^ — 
NA 


NA 
NA 
NA 


4 

NA 
NA 


' 2 
NA 
NA 


ControlM •hr"* ^ 


1.4 


0.7 


1.6 


0.76 


Nog 


Neg 


Neg 


Neg 


10 


5 


Flu«rf td singi* chambw** 


30 


16 


0.5 


0.25 


>20 


10 


16 


7.5 


< 3 


. 1.6 


Flu«-f«d <modified)0'«» 


6 


3 


0.5 


0.26 


10 


5 


3 


' IB 


10 


5 


Domwtic singlf chambwr 

Without primtry bumw^ 
. : With prlrntry bumtf ' 


35 

" 7 


17.6 
3.6 


0.5 
0.6 


0.26 
0.25 


300 
Neg 


160 
Neg 


100 
2 


50 
1 


1 


0.6 
1 


PatholoQical* 


8 


-4 


Neg 


Ntg 


N«g 


Neg 


Neg 


Neg 


3 


1.6 ' 



•Avtragt ffectott flvifi bMd on CPA prooidurM fpr Indnmtor itiek ttttlng. 
^Expr«it^ M.tulfur dtoidtfii. 
^EKp r fMtci >i mittMW.^^ ' 
^lExprMMl M nHrOftii dtoxkto. 
•RiftrtnoH 6 tod 8 thrDugh 14/ 

^MMt muntelp^ indntretort $r« tqulppMl Mith it tttit thU much oonirol: m T(rii|« 
2 J *2 for ^NOprlMf ff f ictonc^ 
intta^«fH:tti 3» lOe 13^o^ 
'^BaMMl on rminlelfMl indnfritor data. 
< Rtf«rtffWM 3, 8, lOf <ind I6t 



iRtftronc«7. 

^^BoMd on doto for Wood obmbutllon In conical burnart. 
*Notavai(il>la. 

'^^RafaroneaO. v 

'*Rataronoai i. 10« 11. 13. 16. and 16. 

^ith afurbiirniri and draff controls. 

PRafarancfi3»11»and IS. ' 
. ^Rafaranoai Band 10. 

^Rafarancais.. 

*RafaranQM3and9. 



5 Hue-fed incinenton - These units, commonly found in Urge apirtment houses, ire characterized by 
the charging method of dropping refuse down the incinerator flue and into the combusUon chamber. 
Modified nue-fed incinerators Utilize afterburners and dfaft controU to improve combustion efficiency 
and reduce, emittioiu, / *" 

6 Pathohgical incinenton - These art Indneraton/Wed to dispose of animal remains and other organic 
material of high moisture content. GeneraUy. th^ unitt are In a sireiranie of 50 to 100 pounds (22.7 to 
4B 4 kUogranu) per hour. Wutei are bumefon a hearth in the liombusUon chamber. The units are 
equipped with combustion controls and aft^Mmers to ensure goo^ combustion and mmimal emissions. 

7 ControUed air incineruton - These uniU cimt^'^iV3>nUolid combuation principle in '^JW* *« 
watte is burned in the ablenc« of Miffkient mygBn for com^irtc^combuttion in the main chunber. This 
Pfoceu irneates • Wghly combuatibto laa mixtuie that U then buiMd with ex«^ 

^ber. reaulting In •mdent combustion. Theae imlu are utuaUy equipped with automatic charging _ 
machanisms and are characteriwd by the high efHwent tpjfcperatuies reached at the exi^ of th^ 
incinerators. 

\ , 
\ 

\ • 

11.3 Einlai6i|t»id Controls* ^ 

Operating^cooditiooa. refuae cojnpositiAi. and basic incinerator detign have a pronounced effect oj|f 
emteions. TheSnanner in which airSs supplied to the combusUon chamber or AambeiihM. -nonj »U ttie 
parameters, the greatest effect on the quwitity of particuUte emiaiions. Air m^r be introduced from beneath the 
St^roin the »ide. or frpm the iop of the combustton trtt. Aa underfire air is iiK««-d. an inaei»e in 
Sy.^^Llroccurs. EnXrefuae diarging c»i«» a diaiuption of the combustion bed and a 
release of br«e quantities of pa^iculatea. Uir quantities of uncombusted particuUte matter and carbon 
^Txii w^^l.0 eUJitted fSr iiextended periS after chufint of batch-fed uniU becau* of internipttons in 
the combustion process. In continuously fed unitt. furnace particulate emissions are stroi^ "P°", 
mte The ie of rotary kiln a>^ reciprocating grate, nsulta in higher partfculate emiaiioni than the ^m of 
rocking or traveling grate./^ EmAns of oxides of sulfur are dependent on the lulfur content of the reluae. 

monoxide Ltd unbumed hydioc«l^b«Ui«rion. may be aifnifkant and aie cauajd by poor combugjtiw. 
^g from improper inctoerator dedgn or operatii^ cpnditiont. Nitrorn oxide emiaa^oni inc««e w^* » 
^«e in the Zpe^ture of the combuatloo lonc. m incTMie in ^he ^^^^'fi^.ffrt 
tefort quenching, a^ an increase in the axctia airiatw to the point where dihition cooling ovticomet tiw effect 
of increaaed oxyiBn concmtration.*^ 

Jabte 11-2 Uata the lelative coOectton aflkiencies of particutate contiol equipment uaed for municipal 
leratora. This control equipment has littfc affect on fueout anUaiioiia. Tijble 2.1-1 aummarires the 
uncontrolled eminion factors for the various types of incinenton previously diacuaaed. ^ 

TaWa COLLECTION EPlPiaENaEf TOR VARIOUS TYPEf OF 
MUNICIPAL INCINERATION PARTICULATE CONTROL SYfTEMS* 



Typaof ayatam 



Settling 
Settling 
WattMl 




spray 



E l ac u oa iftic 
fabric f ittar 



Eff ictoncVt % 



0to30 
30to^ 

60 
30 to 80 
80 to 96 
90 to 96 
97 to 90 



•naftrwHi 3. t, f . and 17 thKM#i 21 . 



< 
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12 AUTOMOBILE BODY INCINERATION 



Revised by Robert Rosens teel 



111 Process Description 

Auto incinaratojk contiit of a single primiry combustion chamber lii which one or several partially stripped 
can are burned GTlret are removed.) Approximately 30 to 40 minutes Is required to bum two bodies 
simultaneously.^ many u 50 cart per day can be burned in this batch-type operation, depending on the 
capacity of the incinerator. Conjtinuous openitions in which can are placed on a conveyor belt and passed 
through a tunnel-type incinerator have capacities of more than SO can per 84iour day. 



2.12 Emissions and Controls' 

Both the degree of combustion as determined by the incinerator design and the amount of com^f(Ible 
material left on the car greatly affect emissions. Temperatures on the order of 1200^F (6S0^C) are reached dumg 
auto body inciiieration.^ This relatively low combustion temperature is a result of the large incinerator volume 
needed to contain the bodies u compared with the small quantity of combustible material. The use of overfire air 
jets in the primary combustion chamber increases .combustion efTIciency by providing air and increased 
turbulence. 



In an attempt to reduce the various air pollutants produced by this method of burnings some auto incineraton 
are equipped with emission control devices. Afterbumen and low-voltage electrostatic precipitaton have been 
used to reduce particulate emissions; the formed also reduces some of the gaseous emittions.^'^ When 
afterbumen are used to control emissions, the temperature in the secondary combustion chamber should be at 
least ISOO^F (815^C). Lower temperatures result in higher emissions. Emission facton for auto body incineraton 
are presented in Table 2.2* 1 . 



Table 2.2*T. EMISSION FACTORS FOR AUTO BODY iMCIflERATION* 
^ EMISSION FACTOR RATING: B 





Uncon 


trollad 


With afttrbumar 


/ Pollutantt 


ib/car 


kg/car 


ib/car 


leg/car 


Particulatti^ 


2 


0.9 


1.5 


0.^ 


Carbon monoxidt* 


2.5 


1.1 


Nag 


Nag 


Hydrocarbomi. (€84)^ > 


b.5 


0.23 


Nag 


Nag 


NitroomoxidmtNO))*' 


ai 


0.05 


0.02 


0:01 


Ald«hyd«f (HCOH)<* 


0.2 


0.09 


0.06 


0,03 


Organic acid* Uoatic)** 


0.21 


0.10 


0.07 


0.03 



^Baaed on 280 lb (113 kg) of oombuttible material on itripped car body, 
^eff renoei 2 and 4; 

^Baaid on data for open l^umine and Referenqrt 2 and 5. 
^I^efertnee 3. 
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Z3 CONICAL BURNERS 

i. 

, ^ — ^ 
Process Descriprion^ ' 

■ \ . 

Conical bumeri ire gcneriUy a truncated metal cone with a screened top vent. The charge is jilaced on a 
raiS^d grate by either conveyor.or bulldozer; howevw, the use of a conveyor results in mor^ efficient burning. No 
supplemental fuel is used, but combusUon air U often supplemented by underfire air blown into the chamber 
b<^ow the ptVB and by overflre air introduced thrdugh peripheral openings in the shell. 



13.2 
J 



Embiions and Controls 



The quantities and types of pollutants released from conical burners are dependent on tlw composition ind 
moisture content of the charged material, control of combustion air, type pf charging sys^m used, and tl* 
condition in which the incinerator is maintained. The most critical of these factors seems to be the level of 
maintMMnce on the incinerators. It ii not uncommon for conical burnen to have mining doors and numerous 
holes in the shell, resulting in excessive combustion air, low temperatures, and, therefore, hi^ emission rates of 
combustible poUutanCs.^ ' s ^ • \ 



Particulate control systems have been adapted to conical burners with some succesj. Tljese control systems 
include water curtains (wet caps) and water scrubben. Emission factors for conical burners are shown in Table 
2.3-1. 




•A- 
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TaMa t.S-1. EMISSION FACTORS FOR WASTE INCINERATION IN CONIcAtpUI^NERS 

WITHOUT CONTROLS* 

B 



• 

Typtof 


( ■ 

PartkulalM 


Sulfur 


OMidn 


Cartion monoxidt 


Hydrocarbora 


' »* . ' '- ' 
Nitrogvn onMm 


lb/ton 


kg/MT 


ib/ton 


^ kff/MT, 


' lb/ton 


kg/MT 


lb/ton 


^ko/MT 


iWton - 


kg/MT 


MlhjnlcliMi 
rtfuM^ ' 
WoodrtfuM* 


20(10 to 60M 

>• 

,1 

2tf» -X 


10 

0.6 
3.6 ' 
10 


T — 

2 

0.1 


1 

' 0.06 


60 

130 


30 ' 
66 


20 ' 
11 


'10 
^6.6 


6 ' 
1 


2.6 
0.6 



^MoiitMtt coofnt t Wild h i nw o Ml nMHttv BD ptfctm for wood wttt. 

*0f porttoiil«lit« fi^ctort fit 
^Uw high Mo of QMt» for Inttrminlnt optrotld^ ctitittd Mttti • bulldom . 
<%Md 00 Rtft#tfN)0 ■' , ' ^ ' 

nviOfonoiv ^ fon^iivn ^ ^ 

'tttWMtPfv opMilon: p»opw^in«hit»h»«lburi»w*rtthfd|oii«bl«oi«lwrfktilr«^^ 

• tKOM air and 7001' (3KrC)«>attMnNtifitf«tura. _ -in*i 

tUnMtMactorvoparatkm; iMopaHy nilnt»lo«lbumar *»«thr«lltl oi»wflr« ak»u^ * 

»»Vaiv ««atWartorv ^liiaratloo: .tmprapaHy MntataMd bomtf with r^M «»wrfk» air w«>f)(y naar bottom of ihtM and m«i»v;««»lii| M9» te *all. appiotyn^alv 1«»o 
imaant aiioaNak and 40Q;F (204^:) aiiitjianamptratiita^ 



14 




7 



"14 5 



■ ■ 0 ■ 

eric; 
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2.4 OPEN BURNING rwviMett-hy^Tom Lahre 

X mnd Pom Ctinova 

2.4.1 GcMral* 

Opoti burning e«n b« Ion* In op«n drums or boskets^^ln flolds and yards, and in large open dumps 
or pita. Materials eommonly dbpoaed of in thb manner are municipal waste, outo body componenta, 
landMopo r^fuaa, agricultural field refuse. Wood refuse, bulky industriol refuse, and leaves. 

2.4.2 EadMlons*-** 

:CrouDd-l«v«l open burning b affected by many rarlables including wind, ambient temperature, 
eompoeHton and moisture content of tbe d(Mirls burned, and eompactnees of tbe pile. In general, the 
reUtiToly low tomperaturos asMMsUtcri with op«i burning inerease the omission of particuUtes, cmr- 
bon monoxide, and hydrocarbons and supprem theemiasion of nitrogen Oixi(l«^ Sulfur oxide emissions 
are a diroel fuaelloa of the siafii? MOteat of the rofum. Emission factors are preeented in Table 14>1 
for the open homing of municipal refuse and automobile components. 

TaWe ^4-1 EMIMION PACTOMS WOn OPEN ■URNINQ OP NONAORICULTURAL MATERIAL 

EMItSION FACTOR RATING: B ^ 



Munidptl re^uw' 



lb/ton 
ko/MT 



Auto 

ODI 



mobiltf 
ifniootnts**'*^ 

lb/ton 
k«/MT . 



Psrticulsm 



16 

a 



100 
60 



Sulfiir 



1 

as 



Msg. 
Msg. 



Carbon 
monoxids 



42 



126 



Hydrocarbons 
(CH^I 



IS 



30 
16 



Nitrogsn oxides* 



6 

3 



4 

2 



•RSfvsnosi 2 itirouih 6. 



•nd firss burnsd tat oommon. 



EmisfloM tnm agricultund rofoae burning are dependent owlnly on the inoisture oontent of the 
ralttse and, to tbe CMO of the field crops, on whether the r«f um te bumwl in a beadfire or a backfire. 
(Headftrea ^ Sartod at the upwkd aide of a field and allowed to progreea M the direction of the wind, 
wherMM backfires at* started at the downwind adgo and f oread to prpgroas in a dirw^Uoa opposing the 
wiML) Other ntfiaUes such as fuel loading (how mudi refuse material b burned per unit of land area) 
and Imw thf» refuse b arranged (that b. In pUas, rows, or spraad out) are abo important in certain 
inauncaa. Bmbslon f aetort for open agricultural burning are preMOted in Table 2.4-2 as a function of 
refnae type atad abo, la eertin lastaaees, m a function of burning toehniqnes and/or mobture ooatont 
when these variables iue known to significantly affect embsions. Table 2.44 abo presents typical fuel 
loadiag valties amoelated with aaeh type of ref taae. TbM rwlvm eaa be lUed, along with the correspond- 
tag eaUiiloa faetort, to eelhaato aailsaioaa from certain categoriee oyagrieultu.-al burning when the 
spaeifle M loadiags for a flraa area aro not kaowa. , ^ 

ft miwin ns fmm Itiif !rr-r'"g — -■■.«■■>» «T>^tkl«»^u«tMr«iii»iitjiiit-iieiisitv.andianition to 
tioa of the leaf pUaa. lacteaslng the awiitare eoateat of the leavea genarally iacraaaea the amount of 
earboB moaesida, hydro«arboa. aad partieokte ambsioBi. lacrMslaff the daosity of the piles in- 
the aamuat of hydroevboa aad particulate embitoas, hot baa aTarlable effect oa carbon 
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TiWt 2.4 2. EMISSION FACTORS A«MD FUEL LOADING FACTORS FOR OPEN BURNING 

OF AGRICULTURAL MATERIALS* 
EMISSION FACTOR RATING: B 



4> 


Emission factors 








■ ' i 




Carbon 


Hydrocarbons 


Fuel loading factors 


r 


Particulate" 


monoxide 


(MC6H,4) 


(waste production) 


Refuse category 


lb/ton 


kg/MT 


lb/ton 


kg/MT 


lb/ton 


kg/MT 


ton/acre 


MT /hectare 


F»eld ciOps^ 










\ 

' 23 




> 




Unspecified 


21 


1 1 


117 


58 


12 


2.0 


A C. 

4.0 


Burning technique 


















not significant^ 


















Asparagus® 


40 


20 


150 


75 


85 


42 


1.5 


3 4 


Barley 


22 


1 1 


157 


78 


19 




17 


3.8 


Corn 


14 • 


1 


108 


54 


16 


8 


4.2 


9.4 


Cotton 


8 


4 


176 


88 


6 


3 


1.7 


3.8 


Grasses 


16 


8 


101 


50 


19 


JO 






Pineapple^ 


8 


/4 


1 12 


56 


8 


4 






Ric^9 




4 


83 


41 


10 


5 


3.0 


6.7 


Saffiower 


18 


1 9 


144 


72 


rye 

26 


13 


1.3 


^ y 


Sorghum • ' 


18 


9 


77 


38 


9 


4 


2.9 


b.b 


Sugar cane" 


HI 

7 


4 


71 


35 


10 


o 


• 1 1 .0 




Headfire burning* 


















Alfalfa 




23 


lOO 


CO 


at) 


lo 


u.o 


1 ft 

I .o 


Bean (red) 


43 


22 


' 186 


93 


46 


23 


2.0 


b.b 


Hay (wild) 


32 


16 


139 


70 


22 


1 1 


1 V 




Oats 


44 


22 


137 


68 


33 


lb ^ 




. 4.b 


Pea 


31 


16 


147 


74 


3o 


1 o 




\ D.O 


Wheat 


22 


1 1 


128 


64 


17 


9 


1.9 


k it Q 


Backfire burning! 
















CI 


Alfalfa 


29 


14 


119 


60 


37 


1 o 
lo 


U.o 


Bean (red), pea 


14 


7 




72 


25 


12 


2.5 


5.6 


Hay (wild) ' 


17 


8 ' 


150 


75 


1 7 


8 


4 A 

1.0 


2.2 


Oats 


21 


11 


1 36 


68 


1 1 


9 


1 .D 


3.b 


Wheat 


13 


6 


108 


54 


6 


4 A 

1.9 




Vine crops 


5 


3 


51 


26 ^ 


7 


4 


o c 

2.0 


b.b 


Weeds' 


















Unspecified 


15 


8 


85 


42 


12 


0 




7.2 


Russian thistle 


22 


1 1 


309 


154 


2 


1 


0.1 




(tumbleweed) 


















Tales (wild reeds) 


5 


3 


34 


17 


27 


14 






Orchard o^ops^''^'' 
















3.6 


Unspecified 


6 


3 


52 


, 26 


10 


5 




Almond 


6 


3 


46 


23 


. 8 


4 


1.6 


3.6 


Apple 


4 


7 


42 


21 


4 


2 


2.3 


5.2 


Apricot ^ 


6 


3 


49 


24 


8 


4 ^ 


1.8 


4.0 


t Aypcado 


21 


10. 


116 


58 


32 . 


16 


1.6 


3.4 


Cherry 


8 


4 ^ 


44 


22 


10 


5 


1.0 


2.2 


Citrus (cringe, 


6 


3 


81 


40 


12 


6 


10 


2.2 


" lerrion) 
















2.2 


Date palm 


10 


.'s 


66 


28 


7 


4 


1.0 ^ 


Fig 


7 


4 


57 


28 


10 


5 


2.2 


4.9 . 
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T«bl«2.4 2 (codtinutd). 



X 

EMISSION FACTORS AND FUEL LOADING FACTORS FOR Of»SN BURNING 
OF AGRICULTURAL MATERIALS* 
EMISSION^^ACTOR RATING: B 



\ 


Emifskm fKtors 






Particulatt^ 


Carbon 
) monoxidf 


Hydroctrbora 


FutI loading f acton 
(watta production) . 


Rtf utt cittgofy 


lu/iori 


kg/MT 


lb/ton 


kn/MT 
Kg/ Tn 1 


IK/tnn 


Ito/MT 


\\^ If w 


MT/hactar*' 

^ ' 


Orchard cropi^''^' 


































(continutd) 


















Ntctarint 


4 


2 


33 


16 


4 


2 


2.0' 


4.6 


Otivt 


12 


6 


114 


67 


18 


9 


1.2 


2.7 




6 


3 


42 


21 


5 


2 


^6 


6.6 


P»ir 


9 


4^ 


57 


28 


9 


4 - 


2.6 


6.8 ^ 


Wllnut 


3 


2 


42 


21 


3 


2 


1.2 


2.7 


0 


3 


47 


24 


8 


4- 


1.2 


?7 


FofMt rttidim 




















17 


S ^h-140 


70 


24 


12 


70 - 


167 


^H«mlock, Oougttt 


4 


2 ^ 


r 90 


45 


5 


2 






'ftr.ctitor'^ . 


















PorultroM pint^ 


12 


6 


. 196 


96 











13 



*F«eton tMprMMd at Might of pdhitant amlttad par vva^t of rafuia macarlal bumad. 
^¥articuiata mattar from moit agrleyliiifal tafuta bumlna hat-baan found to ba In ttia lubmtaromatar ttea i 
^Rafartocat 1 2 and 1 3 for amiflkm factors; f^afaranca 14 (oc fual loadbie fK^^ 

^For ihM rafuia matarMi. no tianHleant diffaranca aMMs batwaan amMom ranHtkia from haadfkfcia or baolcfklkia. 
*Thaw factoa rtpraMOt amMom undir typical hl|h moistura condltiom. If ftmt ara driad to ta« dwn 18 paroant 

moittura. particulaia imiwont wUt ba raduca^ by 30 paroant, CO amission by 23 parcant, and HC by 74 parvant 
'Whsn pinsippia It tltOMd to dry to lait titan 20 paf^oant moittura, at H Oiualtv It, tfia firina wnnlc^ It not Important 

Whan hMdfiradtbovaaOpafoant moimra* particulM amiition wtti inemaato23tb/ton(1lAI(a/Mn andHCwNI 

iiwraott to 12 lb/ton (6 kg/MTI' Saa fMacanoa 11. 

^hit factor it for dry «15 paroant moittural rieattraw. If riea ttmw It bumad at hl|harfMlipira lav^ partloulita 
tmittion will incnata to 39 tb/ton (14.5 lcg/MT)« GO aiAMon to 101 lb/ton (§0*0 l(t/M7T« and HC amMon to 21 
lb/ton (10.8 Ica/MT). ^ / 

Hm Saction 012 for diacuttlon of sugar cana burning. / 

*Saa accompanyina taxt for daf initkm of Haadfirina. f 

'Saa accompanying taxt for daf inition of bacMtrlna. Thit aataaory « for s m itsl on satknalloapurpotss, Insludst anottiar 
tschniquautsd oocationally for iimitlna s m btlo n t. ballad intowdif wind tirlpli#)tlna. wttloh Imrolvat IHhtina fMdt In 
ttript into tfia wind at 100-200 m (901^600 ft) Intamaltp 

^Wwdpruningi era usually burnad In pllat. No sianlf Isam diffarsnoa In amMon rasufts from burnk^ 
St oppotad to utina a roll-on tachnlqua, witam pruninai ara bulldotad onto a b^ 
*lf ofdiardramovalitdtapMfpotaof abum.30ton/acfa(00 MT/haetara) of Mtta wM ba proAicad. 
^tfaranca ia Nitrogsn oxida smissions astimatad at 4 lb/ton (2 bg/MT). 

•^flafaranca 18. p--^ 
^afaranca 10. 



AtiM^Mv th* km In cqoktl pikt mmI l|nWn| inwnd dw p«l|ii>K7 of tlw bot- 
tom pioTM to bo the loMt doilrable mothod of buniinf. Ignltinf • ainflo tpot on tho top of tho pile 
the brdrocarbon aiul partkuUto •mlMtona, Carbon pMraoxIdo omiMioiH witb top Ifnitlon 
^foroMO if moisture eontent it hiffh but IneroMe if moisture eooteat ia low. Portkulete,b7«lroeerboii, 
•ad oorbon monoilde emimloM from windrow IfniUoa (piliof the looTet into • loaf row and ifnitinf 
one end, aUowing it to bum toward tlie othw fad) are Intennediate be t we en top and bottom ifoition. 
Emiaaioa factors for leaf bnminf are preaentfd in Table X.44. ^ ^ 

cited atV|M 



For more detailed iaformatloa on tbis subject, tbe reeder sbonld consult the ref< 
end of tbis section. * - 
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Tabic 2.4-3. EMISSION FACTORS FOR LEAF BURNING^**' 
EMISSION FACTOR RATING: B . 





» Particulate*''* 


Carbon 'monoxide* 






Ltaf sp^citf 


lb/ton 


- kjj/MT 


lb/ton 


kfl/MT 


lb/ton 


kg/MT 


Black Aih 


36 


18 


127 


6^ 


41 


20 5 


Modttto Ash 


32 


16 


163 




25 


12.5 


Whita Ash 


43 


21,5 


113 - 


57 


21 


10.5 


Catalpa 


17 


8.5 




- 44.5 


15 


7.5 


Horse Chestnut 


54 


27 


147 


73.5 


39 


19.5 


Cottonwood 


38 


19 


90 


45 


32 


16 


American.Elm • 


26 


13 


119 


59.5 


29 


14.5 


Cucityptus 


36 


18 


90 


45 


26 


13 


Sweat Gum 


,33 


16.5 


140 


70 


27 


13.5 ^ 


Black Locust 


70 


35 


130 


65 


62 


31 


Magnolia 


13 


6.5 


55 


27,5 


10 


5 


Silvei Ma0(e 




33 


102 


51 


25 


12,5 


American Sycamore 


15 


7.5 • 


115 


57 ^5 


8 


4 


California Sycamore 


10 


5 


104 


52 


5 




Tulip 


20 


10 


77 


38.5 


16 


8 


Red Oak 


.92 


46 


137 


68.5 


34 


.17 


Sugar Maple 


53 


26.5 


108 


54 


27 


13,5 


Unspecified 


38 


19 


112 


56 

■ n. 


26 


13 



•Thw« factoa trt to •rithmttk tvtrtgt of X\\m r«ylti obtftlrt^t by burning high- and lowHTioliturt conttnt conlcil piltt agnitMl 
tith«r at th# top or around tha pariphary o< tha bottom. Tha windrow^rrangamant vwai only tattad on Modaito Aih, Catalpa. - 
Amarican Elm. Swaat Gum. Silvar Mapla. and TwUp, and tha laaults ara Jndudad In tha avaragaa for thata tpadat. 



^'Tha majority of partlculatat ara $,ubmicron In slia. 

«Tatta indlcata hydrocirboro; conaift. on tha avaraot* of 42% otafina. 32% mathana, 8% acatylana, and 1 3% othar taturatai. 
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l^EWAGE SLUDGE INCINERATION 
2^,1 Process Description 



Bp Thonms iahre 



Incineration Is becoming an important means of disposal for the mcicnsing amoimts of sludge being piodiued 
in sewage treatment plants. Incineration has the advantages of both destroying the organic itiatter present in 
sludge, leavmg only an odorless, sterile ash, as well as reducing the solid mass by about 90 percent. Disadvantages 
include the remaining, but reduced, waste disposal problem and the potential for air pollution. Sludge inciner* 
ation systems usually include a sludge pretreatment stage to thicken and dewater the incoming sludge, an inciner- 
ator, and some type of air pollution control equipment (commonly wet scrubbers). 

The most prevalent types of incinerators are multiple hearth and fluidi/ed bed units. In multiple hearth 
units the sludge enters the top of the furnace where it is first dried hy contact with the hot, rising, combustion 
^.ises. and then burned as it moves slowly down through the lower hearths. At the' bottom hearth any residual 
\\\\ is then removed. In fluidized bed reactors, the combustion takes pface in a hot. suspended bed of sand with 
tiiuch uf the ash residue being swept out with the Hue gas> Temperatures in a multiple liearth furnace are bOO'^F 
( ;:uY) in the lower, ash cooling hearth; 1400 to 2000**F (760 to 1 lOO^'C) in the central combustion hearths, 
jiid 10i)O to 1200^F (540 to 650**C) in the upper, drying hearths. Temperatures in a fluidized bed reactor ^rc 
f iirly uniform, from 1250 to 1500^F (680 to 820**C). In both types of furnace an auxiliary fuel may be required 
. t!KM during startup or when the moisture content of the sludge is too high to support combustion. 



2.5.2 Emissions and Controls 

Because of the violent upwards movement of combustion gases with respect to the burning sludge, particu- 
lates are the major emissions problem in both multiple hearth and fluidi/ed bed incinerators. Wet scrubbers arc 
onnmonly employed for particulate control and can achieve efficiencies ranging from 95 to 99+ perclnt. 

Although dry sludge may contain from 1 to 2 percent sulfur by weight, sulfur o.xides are not emitted in signif- 
icant amounts when sludge burning is compared with^many other combustion processes. Similarly, nitrogen 
"t^dcs, because temperatures during inoineration do not exceAl 1500**F (820**C) In Tfuidized bed reactors or 
1600 to iOOO^'F (870 to 1 100*^C) in muhiple hearth units, ari^ not formed in great amounts. 

Odius can be a problem in multiple hearth systems as unburned volatiles are given off in the upper, drying 
Dearths, but are readily removed when afterburners are employed. Odors are not goiierally a problem in fluid- 
i/ed bed units as temperatures are uniformly high enough to provide cciiniplcte oxidation of the volatile com- 
pounds. Odors can also emanate from the pretreatment stages unless tlu'|^pcrjtions are properly enclosed. 

Emission factors for sludge incinerators are shown in Table 2.5-1 . It should be noted that most sludge incin- 
erators operating today employ somC type of acriAber. * ^ 
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TabU 2.6-1 EMISSION FACTORS FOR SEWAGE SLUDGE INCINERATORS 

EMISSION FACTOR RATING: B 
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Chapter 6 

Combustion Control 
and Instrumentation 



A portion of the material presented in thivS chapter was 
adapted and edited from Chapter 35^ Steam, Its Genera- 
tion and Use, Babcock 8c Wilcox Company, 39th Edition, 
1978. 



INTRODUCTION 

This chapter presents a brief overview of il^f logic that governs combustion con- 
trols. Emphasis is placed on the overall purpose of control, and several examples of 
logic-sequencing are presented. Instrumentation is discussed, both in terms of 
requirements for good operation and in terms of long term recordkeeping. 

Combustion processes are normally designed to provide thermal energy for a par- 
ticular end use. The most common application is to generate steam for electric 
power production or for a multitude of other manufacturing or heating processes' 
Systems which do not produce steam usually produce hot gases, either directly as 
combustion fJToducts or indirectly using heat exchangers. Gas turbine-drive electric 
generation is an exaiViple of the direct application of hot gases; a gas-fired spaccv 
heater is an example of indirect application. 

All applications of combustion usually provide for a variable energy demand 
because the end use is seldom constant with time. Variable ener^ demand 
introduces varying fuel and air requirements, since energy output rates can only be 
altered through corresppnding .changes of input energy. Control of the thermal 
energy source requires realization of two rtiajor objectives: ^ ' 

1. Maintain high combustion efficiency at all energy input rates and do so 
while maintaining emissions which are within acceptable standards, and 

2, Maintain appropriate thermal energy states in the equipment for which 
energy is supplied, (steani pressure, temperature). - 

^ The thermal enefgy states cited are the common variables which are used to key 
the Qonibustion control system. Steam pressure as well as temperature are both 
impolrtant to the proper Operation of a stearn turbine-driven alternator. Steam , 
pressure^ however, is the more important of the two, since steam turbine speed 
control is pressure sensitive^ A power demand change requires either an increase or 
decrease of steam flow. This change in turn requires combustion control which 
increases Or decrjeases the energy release rate and the steam generation. Increased 
stearn flow which is not accompanied by corresponding increased steam generation 
will c.ause a drop in steam pressure. The allowable pressure fluctiiat^n is usually 
less than ±2% of the design value, which serves to. illustrate 4:he precision a system 
can be expected to have. 



Process applications may rmpiiic <()nir()l ol both iMc of energy supply and 
toirtporature. Where heat exchange is employed, temperature control may l)e possi 
ble at the exchanger, within limits; however, the energy rate ( oiuron^puhl 
inlluence the c ombustion process. Various drying processes. su( h as lumbei (li ning 
kilns, veneer dryers, crop driers, etc., are examples this kind of system. 

Combustion Control ^ 

The general requirements outlined above ckn be translated into mo/>^^cific 
requirements for combustion control systems. AH combustion systems m^l meet a 
variable load demand thiough an adjustment xjf the fuel input rate proportional to 
the load, with a simultaneous adjustment to air flow, to assure maintenance of 4he 
most ffficient atr-fuel ratio. . . 

This seemingly straightforward concept suggests * relatively simple solution is 
probably available. Such a conclusion would be wrong, because the interactions 
which occu^ are not simple. Furnace air is generally supplied through a forced- 
draft fan assembly that involves one or more f'ans. Where one fan is utilized, 
distribution may be throug.h several alternate paths, such as primary and secondary 
air for burners. Air pressure and quantity must be controlled by alt^d fan speed 
*and damper settings. A change in the forced draft (to follow a change in fuel flow) 
requires a change in the induced draft if the desired furnace pressure (draft) is to 
be maintained. Small systems, which utilize- chimney draft to produce the required 
induced draft, must have adequate. dampers. 

The above sequence of control is made more difficult by the variability of fuel 
properties. The basic chemistry of combustion, shown in Equations 2-1. and 2 3 in 
Chapter 2 of this manual, clearly sets the air requirement per unit of fuel and 
thereby the energy production which can be expected. Any change in composition 
is imm<fdiately reflected by an increase or decrease in the energy out(>ut and air 
requirements, A combustion control system designed to operate with fuel flow 
keyed to steam flow would require simultaneous sampling of flue gas composition 
to insure property variation would be accommodated. 

This aspect of the combustion control problem can be pinpointed by considering 
' a system which suddenly receixT^uel. having a higher moisture content than nor 
mal. This situation occurs in mass burning incinerators, when especially wet 
municipal waste comes into the flow, or in a coal-burning plant, where very wet 
coal suddenly enters, the feeders. Increased moisture reduces the inpu^energy rate 
and lowers the furnace temjlerature making an increase in fuel flow necessary. If 
the unit involved is a radiant steam generator, high-moisture fuel would cause 
reduced load capability. An example is a coal fired unit designed to operate on 
eastern coal that has been switched to high moisture westerii coal. The flame 
temperature would be reduced, which would cause a reduction of the radiant 
energy transfer. This reduction would be accompanied by increased energ>' input in 
the convective superheater. This change could vei^ well Q>ceed the capability of 
the ' attemperator control" (superheater ?team temperature controller). The 
superheater steam temperature would become excessive, requiring that the unit 
load" be reduced to bring the situation back under control. 



CombusUon controls must bv drsignrd lo dral wilh iUv panidilar fuels lo hr 
lirrd and (he fuel lalrs inhnrnl (o iUv furl IcM^liuji^ mum luinisnr A mrai vMiinv ol 
combusiion conitol sysUMns have heen developed over (he ye^irs (o fi( (he needs ol 
particular applieadons. Loan demands, operalini; philosophy. plan( !ayou(. and 
types of firing nuisl he < ()nsid(*red h<*for<» (he s<»U ( (ion ol a sys(eni is niad(\ 
Attaehments (hrough (y-b illus(ra(e several of (h<* sysienis ^hai have heen 
developed for various types of fu(*l firing. I'lie c<)n(rol syinhols shown in (hese 
illuj^trations have heen (abulaied in At(achmen( (> 1 . ^ 

Stoker-Fired Boilers 

Stoker f A cd boilers are rejifulated by posilioning fuel and ((unbustion air iVouK 
changes in steam pressure. A change in steam demand initiates a signal from the 
steam-pressiire cqiurollo^^ througli^ie boiler master controller to increase or 
decrease both fuel and air simultaneously and in [)arallel to satisfy the demand. As 
long as the pressure differs from the set point value, the steam pressure con( roller 
will continue integrate tlv'^'fiiel and air unlil th^* presstne has returned to its set 
point (see Attachment 6-2). ^ ^ 

A second part of tlie control system senses the steam-flow and air-flow and makes 
a 'comparison wilh calibrated values for the uni<,^^^ Any diffrientVs sensed \yill create 
an error signal which is used to fine tune the forml-draft dimijier. thereby assuring 
the desired' ftfel-air ratio \ 

Furnace draft is regulatecl separately through the tise of a furnace-draft con- 
troller and a povtw^Aperator that positions the uptake damper. 

Gas and Oil-Fired Boilers 

Attachment 6-3 illustrates a system applicable to the burning of gas and oil. 
separately or together. The fjicl and air flows are controlled by steam pres»ure 
through the boiler master/ wy.h the fuel readjusted by the fuel-flow air-flow c6n- 
troller. The oil- or gas-hesrdejLpressure may be usetj. as an index of fuel flow and 
the windbox-to-furnace diffe^|ltraia«^^.3^^^^ of air flow on a per burner basis. 

Such indices are often used for single^%«jrner boilers^ 

Pulverized .Coal-Fired Boilers 

Attachment 6-4 illustrates a sophisticated combustion control system used on larger 
boilers having several pulverizers, each supplying a group of burners. Both primary 
and secondary air are admitted and controlled on a pulverizer-unit basis. 

The boiler firing-rate demand is compared to the total measured fuel flow (sum- 
mation of all feeders delivering coal) to develop the demand to the pulverizer 
master controllerV The pulverizer master-demand signal is then applied in parallel 
to all operating pulverizers. All pulverizers have duplicate controls. 

The individually biased pulverizer demand signal is applied in a parallel mode, 
as doniands vary for coal^feeder speed, primary-air flow, and tQtal air flow for the 
pulverizer group. Wht^^n an error develops between demanded and measure^! 
pi/mary-air flow or total air flow, proportional and integral action will be 
instituted througlj the contro|ilers to adjust the primary or secondary air dampers to 



rvduiv the error to 7.ero, A low, primary air How or total air no<v ( uthack is applied 
in Ihe individual pulvcri/er co.urol If either measured piimary an How oi total an 
flow is low. relative to coal rate (feeder speed) demand, this condition is sensed in 
the coal feeder control, which reduces the demand to that ecpuvalent to the 
mesisured primary air flow. A minimuiTi pulverizer load limit, a mmimum pnmary 
air flow Umit. and a minimum total air flow limit are applied to the respective 
demands VJlUccep the pulverizers above their minimum safe operating load. I his 
maintains sufficient burner nozzle velocities at all times and assures the primary 
and total, air-fuel ratios are continuously controlled at prescribed levels. 

Cyclone-Fired Furnaces ^ 

Gyclone-furnace controls shown in Attachment 6 5 are similar to those for 
pulverized fired units, although the cyclone functions as an individual furnace. 

Where a unit employs multi-cyclones, feeder drives are calibrated so that all 
feeders operate at the same speed for a given master signal. The total air flow is 
controlled by th^ velocity damper in each cyclone to maintain the proper fuel-air 
relationship. This air flow is automatically compensated for temperature in order 
to provide the correct amount of air under all boUer loads. The total-air flow to 
the cyclone is controlled by the windbox -to furnace differential pressure, which is 
varied as a function of load, to increase or decrease the forced -draft fan output. 

Automatic compensation for the number of cyclones in service has been incor 
porated along with the "added feature of an oxygen analyzer. This gas analyzer is a 
component for most control systems and serves as an important aid to the operator 
in monitoring excess air for optimum firing condition. ^ 

c 

. Instrumentation 

Instruments are ins^lled in combustion systems for a number of reasons. Codes, 
both national and Wal. may prescribe minimum requirements necessary for the 
protection of the public safety, health, and welfare. Aside from these obvious ^ 
public requirements, howeverritroper plant operation requires the operating per- 
sonnel to have a- working knowledge of pressures, temperatures, and flows 
throughciut the system. Accurate records of fijel flows, steam or gas flows, power, 
etc.. Are required in order to calculate and co^jrol operating costs.' For a given 
plant 'burning selected fuels, predetermined instrument values can assist crews in 
maintaining proper combustion. Instruments can be categorized as serving the 
following functions: / 

1 . Operating guidance 

2. Performan<:e computation and analysis 

. 3'. Costs and cost allocation I - 

4, Maintenance guidance (particularly preventive maintenance) 
Instruments employed to provide useful information for operating guidance can 
also provide information for other functions listed. Steam-flow, air flow, and fuel- 
flow measurements aid operators to assure good combustion. Readout from these 
devices can be recorded, processed by computer, and rendered into cost analyses. 
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cKiciciKy siudics. or other inanagcMiuMU tuiu (ions McasuicMncnis in a ( onihusiion 
sysUMii can be brok(Mi ((own into a vaii(Mv ol ^( neial c alenoiics A hiirl ouilinc of 
ihe lypes ol information or their apphcaiions is incfudrd wiihni ihese general 
eaiegories: 

1. Flow measur<Mn(MU.s noinially aceomplislied by (hficMcnhal head meiers 

a. Steam flow n)eUM.s usnally provided foi ea< h individual boilei , as 
well as for tin* eolleeiive output from a j^ronp of boilers. iuH)ini' oi 
pump supply, iiidustrial pro((\sses, and auxiliaiy usc\s 

b. Air flow meters miiin eombustion aii\ s<*eondary air flows 

e. Water fl(?w meters b()il(M feed water flow. coiul<Mising water flow, 
process water flow» auxiliaiy uses. 

2. Kuel flow: ^ 

¥ a. Coal weighed in batches, oi hy devices (apabh* of continuous steam 

weighing 

b. Gas usually metered by differential head deviies also measur(*d by 
positive displace/nent meters^ 

c. LJquid fuels metered by positive ciisplac <*ment meters 

d. Sohds other than coal usually measured by weighing devices similar 
to those employed for coal. 

3. Pressure measurements: 

-ii. Steam pressure steam generator outlet; turbines or pumps; inlet to 

feed water heaters, steam condensers, industrial processes 
b. Furnace draft ^ 
\ c. Forced-air supply - primary air; secondary air; overfire air jet supply 
air 

d. Induced-draft fan outlet 

e. Emission-control device, inlet and outlet. 

4. Temperature: 

a. Steam temperature at various points in a system wfrere steam is 
expected to be superheated 

b. Air temperatures: 

(1) Into and out of preheaters 

(2) At appropriate places in primary- or secondary-air supply for 
variQU^ fuel burners, ^ 

c. Flue gas: 

(1) At furnace outlet 

(2) Superheater inlet and outlet 

(3) Inlet and. putlei of air preKeater 

(4) Into and out of emission-control devices ^ * 

d. Miscellaneous equipment where temperature measurement is impor- 
tant, such as direct flame afterburner combtisiion chambers, veneer 
dryers, etc. • 

5. Flue gas analysis \^ 

a. CO2 and O2 meters aid combustion control 

b. SO2 and NO^ itie\ers aid in proper emissions evaluation and control. 



The degree ol control sophist it at ion is a plant si/e luiu i'ion, whit h is aimtht i 
way of saying an economic t)ne. Combustion systems which ctmsume very huge 
quantities of fuel will usually be well instvumentetl antl will provitie highly 
automatic control and data prt)cessing. MicroprtKCssors are used it? ensure cU>sed 
loop control of excess air to ensure high combustion efficiency. Small plants nor 
mally have less sophisticated controls and may not employ computers ft>r data 
processing. 
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Attachment 6-1. Control symbols 



rable 1 
Control Symbols 


o 


— I ransmiucr 


K 


Pr€)i>otional action (iraiii) 


( 
3 


Intriyral action ^ 


V 


Sii mminir action 


A 


Off frrc*i\cc or Aulitractiiiif action 


< 


T fiw Mctcct auctiftn^rr 


> 


<^ H icrh iwl^t auctioneer *^ 


> 


I ow limitinff 




I-lifrh limitiniir 


d/dt 


— Derivative (rate) 


E/n 


— Averaging 




Hand-automatic selector station (analog 




control) 




— Hand-automatic selector station (analog 




control) with bias 


H/A 


— Hand-automatic 9elef:tor station (digital 




control) 


T 


— Transfer 


± 


— Bias action 


' f(x) 


— Power device, (valves, drives, etc.) . 



0 



■ f 



Attachment 6-2. Diagram of a combustion control 
for a spread stoker, fired boiler > 
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Attachment 6-3. Diagram of combustion control 
for a gas- and oil-fired boiler* 
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Attachi;i;ient 6-4.; Diagram of combustion control 
for a pulverized-coal boiler^ 
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Attachment 6-5. Diagram of combustion control 
, for a cyclone-fired boiler^ 
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Chapter 7 

Gaseous Fuel Burning 



INTRODUCTION 

Burning gaseous fuels is perhaps the mosi stii^ighiforward of aircombustion pro 
cesses. No'fuel preparation \s necessary because gases are easily mixed with air, and 
the combustion reaction proceeds raj)idly, once the ignition temperature is 
reached. 

The amount bf air rVquired for complete combustion of gaseous fuels has already 
been discussed in Chapter 2, This chapter will present some special characteristics 
of gas flames, as well as the characteristic of various burners-in proportioning, 
mixing, and burning the fuel air mixtures in an environmentalFy acceptable 
manner. ' ^ 

Of the many gaseous fuels, natural gas is the most import a tl^^jne for large-scale 
stationary combustion installations. Pipeline naturial gas is perhaps the closest 
approach to an ideal fiiel. It is virtually fre^ of sulfur and solid residues, and it is 
the tieanest burning of all fossil fuels. The relative ease of burning^ gasepus fuels, 
particularly natural gas, has on -occasion led to reduced surveillance by the ^ 
operator and resulted in surprisingly high levels of carbon monoxide in the exliarust 
gases (1, p. 552). This, and other air pollution^concerns associated with burning 
gaseous fuels, will be discussed in the last section of this chapter. 

Flame Combustion 



There are two principal mechanisms of flame combustion producing flames of 
quite different appearance: blue flame and yellow flame' Blue flame results when 
gaseous fuel is mixed with air prior to ignition. In this instance the combustion 
mechani^5m is represented by the hydroxylation theory: hydrocarbon molecules are 
oxidized gradually in stages passing through hydroxylated compounds (alcohols), to 
aldeh)jdes and ketones, to carbon monoxide, and eventually to CO2 and H2O? 
Incomplete combustion results in the emission of the intermediate partially oxidized 
compounds. However, no soot can be developed, even if the flame is quenched, 
since the carbon is converted to alcohols and aldehydes diiring the early stages of 
the combustion. - 

Yellow flame results when\he fuel and air enter the combustion zone 
separately — without having been intimately mixed prior to ignition. The carbonic 



theory explains the mechanism of combustion in this instance. Hydrocarbon 

solid 
forc^ 

oxygen. This process is called thermal cracking. The carbon particles are incandes 



^xpla 

moleculi^pecompose to* form solid carbon particles and hydrogen when exposed to 
high furnace temperatures beforcjAthey Ifeve had an opportunity to combine with 



cent at the elevated temperatures and give the flame a*yellowi^h appearance. 
Eventually sufficient x)xygen' if available, wilTdiffuse into the flame to form CO2 
and H2O as the' ultimate^ cOm^stion products. Insufficient d^Kygen or incomplete 
combustion due to flame quenching wi^l result in soot and black smoke. 
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VVhu li of ilu-sc two (()iid)usii()n mc( hatiistus is prrfci.ihlc. acpcnds on (ho p.n 
lioulai application, as will ho discussod lato. in (his chapio. . Huso Jhoo.u s apply 
also lo iho combustion of fuols olhoi ihan gas and again poin( ou( (ho niipoi (an( o 
of understanding (ho offeo(s of (onipoi a(uio, (uibulonco (mixing), .^md (imo on 
achieving oomplrte oonibus(ion. 

Gas Burning Characteristics 

The function of a gas burner is to deliver fuel and air in a desired ratio (o the - 
combustion chamber, and to provide mixing ami ignition of the combustible 
mixiure. 

Most gas burners employ the Bunsen principle, where at least a part of the com 
bustion air is mixed with the gas prior to ighirion (see Attachment 7 1). Under nor- 
mal operation* the flame consists' of a bright blue inner cone at the end of the 
burner tube, surrounded by an envelope of lower luminosity (Attachment 7 2). The 
outer envelope or mantle is less sharply defined. It is blue at the base and may ter 
minate in a yellow tip./ftame luminosity increases at low primary air rates with the 
inner blue cone almos/ disappearing into the now luminous outer cone at the 
lowest premix level. 

The shape of the flame will depend on the mixture pressure and the amoum of 
primary air. The latter is the percentage of the combustion air which has been 
premixed with the gas before combustion and is also referred to as percent premix. 
The remainder of the combustion air is known as the secondary air and enters the 
furnace directly, without having* passed through the burner first. For a given 
burner- increasing mixture pressure will broaden the flame. Increased primary air 
will shorten it, as shown in Attachment 7-2 (1). Burner design, however, will have 
much more effect on the size and shape of th^flame. Rapid mixing is likely to pro- 

' duce a short "bushy-" flame, while delayed qfUxing and low velocities result in long 
and more slender flames. . . « 

Bulliing characteristics of different fuel gases are df primary importance in the 
burner design, and they will also determine the stable operating range for a given 
burner Among these characteristics are the flame propagation velocities, some of 
which are listed in Attachment 7-3. Note that the,ma«mum velocity does not 
occur at the stiochiometric composition. XBases with high flame propagation 
velocities, such as hydrogen, acetylene, ethylene, etc.. are more prone toflash^back 
through the burner at low firing rates. On the other hand, these fast-burning gases 
are Hess likely to blow off or lift from the burner tip than flames of natural gas 
(mostly methane) or liquefled petroleum gases. Burners for gases with high flame 
velocities are/ therefore, normally operated at somewhat higher primary air rates 
than natural gas or LPG burners. 
• The locations of stable flame boundaries are illustrated qualitatively in Attach- 
ment 7 4 as a function of the gas input rate. Very low amounts of primary air will 
lead to the yellow*flame (carbonic theory) combustion mechanism with the 
possibility of smoke and soot formation with incomplete cornbustion. 

Turndown is the range of maximum to minim^m fuel gas input rates over which 
a burner will operate satisfactorily. The maximum input rate is limited by the 

'\ lifting, and the eventual blow-off. of the flame when the mixture velocity exceeds 



ihc ftaiTic propagation velocity. l Uv ininimuiu gas jat(* is sci by Hash hark. wh(*i(* 
inixtuic velocity is less than llanic velocity. 1 he lapeied ventuii section oi 
atmospheric burners (Attachment 7 1) is designed not only to [)rovide mixing of the 
fuel gas and air, but also an increased velocity noar the throat to help prevent 
flashback, rheoretically the flame will be stationary at a point wliere the flame 
velocity equiiKs the mixture velocity in or out of the mixing tub(\ Ai tually. 
however, a rel{4tively cool burner port will also serve to stabilize the flame. Opera 
tion of the atmospheric type burner (with natutal gas) is generally satisfactory with 
30 -70% premix which permits about 1 tod turndown ratio. A high turndown 
ratio is desirable for cyclic loads and for applications where high heat input rates 
are needed during initial heat up, but cannot be tolerated durinj^ ^steady operation. 
Considerably lower turndovvn ratios are adequate for continuous furnace.^ which are 
seldom started cold Occasional longer start-up periods may be less costly than the * 
larger, more so|>histicated equipment required by a high turndown capability. If 
temperature distribution is not too critical, higher modulation of heat input may 
be achieved by either lighting or shutting off burners. 

Gas Burners 

There are many ways to categorize gas burners: Or\t classification depends on 
how the gaseous fuel and air are brought together and mixed; such as by (a) 
premixing, (b) nozzle mixing, or (c) long flame burners (2). ^ 

In gas burners of the premixing type the primary air and gas are mixed 
upstream from the burner ports. Most domestic gas burners are of this type, a-nd 
consist of a manifold with a number of small ports. This type of burner is not 
capable of high heat release rates within confined volumes, th(^ieby seribusly 
limiting the temperatures to which objects can be heated. Multiple port gas 
burners are widely used for heaters, boilers, and vapor incinerators. Over a given 
cross-section, a multiple-port burner provides better distribution of flame and heal 
than a single-port unit. 

Attachment 7-5 illustrates a few of the mijj|^titude of designs and techniques 
which have been used to deliver the fuel-air mixture to a combustion chamber. 
The atmospheric burner (Attachments 7:1 and 7-5.1) has already been discussed. 
Multiple gas jets with natural or fan draft air supply are widely Used for boiler 
firing (Attachment 7-5.2, 7-5.3, 7-5.4, and 7-5.7). Refractory tunnels assist in 
heating the hnixture f|)ragn|kion and help pjottct^the metal parts from high 
temperatures. Improved mixing daH be obtained by the orientation of gas jets 
(7-5.2), vanes (7-5.3). or by a rotating spider (7 5.7). In the'case of very low gas 
pressures, compressed air can be injected, as with the inspirator governor (7-5,5), 
which supplies complete fuel-air mixture to a number of individual burners, 
usually of ^ tunnel type. Similar burners can also be used with high pressure gas 
and atmospheric air. Good practice dictates that manufactured gas be available at 
5 psig or higher and natural gas at 10 psig or even higher for inspirator- type 
burners. Inspirators cannot be used with jiropane or butane at any normally 
available gas pressures since these gases require 24 to 31 volumes of air per volume 
of gas. A combustion air blower will greatly increase the flexibility of a burner 
compared to an atmospheric unit, as well as make it capable of providing better 
combustion through improved control. 
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Noiilc mixiii|{ gas buinor.s do not mix ihr gas and aii until tlu-y leave du' biiiiK i 
port. Nozzle orifices arc designed lor lapiti mixing of fluids as they leave. l lV | 
mai^i advantage of these burners is a greater turndown ratio. External regulators oi>- 
proportioning valves are their major disadvantage. 

Long (luminous) flame gas burners are used in largei furnaces where a g(M>d por 
tion of the heat is to be transformed by radiation. Long flames are prmluced by 
* injecting a low velocity central core of gas completely surrounded by an annular aif 
stream. With a low mixing rate, combustion will take jjlace at the air gas interface: 
radiant energy causes the gas to crack and produce luminous cafbon particles in 
the central core. Burners based on a similar principle are also used for firing 
radiant tubes where delayed mixing is necessary to prevent hot s|>ots on the tubes. 

Specialized Gas Burners 

There are many gas burners designed specifically for a particular application. I he 
following is a brief presentation of typical burners to illustrate the wide range of 
burners available. ^ 

Excess air gas burners are used for metallurgical heat treating furnaces, kilns, air 
heaters, dryers, and similar applications where superior temperature uniformity is 
^ required^ These are sealed-in, nozzle mix burners capable of producing a stable 
flam^ with several thousand percent excess air. 

A mixing plate-type burner (1, p. 181) is shown in Attachment 7 6. It operates 
over a very wide range of air gas mixtures and its stability ^is not affected by flue 
tuating fuel supply. A mixing plate burner can be used.fo burn waste gases with 
heat content as low as h5 Btu/ftS (4). 

A lean fuel burner has recently been patented by British Petroleum, London. 
This burner consists of a double, flat tubular spiral with the gas air mixture 
entering from the outer edge and being preheated as it flows toward the center 
^ where the combustion takes place. Combustion products spiral outward through 
the adjacent tube, and transfer heat across the wall to the incoming mixture. By 
varying the number of turns in the spiral, sustained stable burning can be obtained 
with a mixture containing as little as 1% methane. Furthermore, the flame 
. temperatures are so low that no nitric oxide is produced. . <^ 

* ''VorTuMixV*^ (NAO Burner Co. trademark) burners (5) are designed to handle 

dirty gases, such as in grouikjflares. A special vane configuration is used to 
generate a highly turbulent Vortex. A two-stage combustion process minimizes NOx 
formation: 10% of the air by-passes the burner throat where the rich mixture is 
burned at a relatively low temperature. The by passed air is then introduced to the 
second stage to ensure complete combustion These units can also bum waste gases 
with heat contents in the 60-200 Btu/ft^ range. Even gases with heat content as 
low as 30 Btu/ft^ could be burned with injection of some natural gas at the burnfl- 
throat. * . 

•'HGE Sulzer"*^ (Tranc Thermal Co. trademark) is an example of high heat 
release combustor with single-unit outputs aif Ijigh as 200 x I.OQ Btu/hr (6): 
Because of the extreme turbulence and high flame temperatures, the combustion is 
J complete within the chamber and there is very little flame beyond the burner 

outlet (Attachmcr^t 7-7). 



The "Blue Flame Isomax"^ '^ (U. K, Coipoialion iiadcMnark) (7) is an cxainplr of 
a niulli tucl buxiici wlioic i\\c liquid luci is convened to j^as innnediately pnoi to 
ignition by leciiTulating hoi combustion gas(\s as shown in Auac huUMit 7 8. 

In addition U) thr above designs, iheir air also; 
I ntejS^ral blower hunieis for diy<Ms and ov(M1s; 
hnmeision-tube burners for subm<Mged heating ol liquid; 
Flat flame burners for slab heaters and glass tanks; 
Uot-spot burners for spot heating by radiation and convection; 
Flame-grid burners for fume destruction by diiect inciruM aiion; 
and a myriad of other special designs. 

System Design Cionsidcr at ions 

Energy released by combustion should be placed where it will ac hieve an effective 
heat utili^tion with a minimum of heat loss. One of the advantages of gaseous fuel 
is that-^ne heat of combustion can be distributed with relative eavse by many small 
burners, a single large one, or by something in between, suitable for that particular 
application. The selection of the burner type and number, therefore, is tied to the 
application: the furnace volume, shape, and the mode of heat utilization/transfer. 
All these important factors are interrelated. ^ 

The characteristics of different burner types, along with special designs, were 
discussed in the previous section. The turndown ratio may be one of the more 
important requirements, but only when the need for modulation exists. 

^he combustion volume is the space occupied by the fuel and by the various 
intermediate products of combustion during burning. This volume varies con- 
siderably with fuel composition and properties, with the type of heat exchanger or ' 
vessel to be fired, and with the burner design. Generally speaking, it is desirable 
that the flame just fill the primary combustion volume to avoid unnecessary 
quenching of the oxidation reactions. A wide furnace cannot be fired properly with 
a single burner. A ^hort furnace may require several smaller burners' to prevent 
flame impingement on the rear wall. 

The heat release rate with gaseous fuels is generally quite high, particularly at 
high ^mixture pressures and with thorough mixing. In the prirpary combustion 
zone, where 70 -90% of the oxidation occurs, heat release rates of 200,000 
Btu/hr-ft^ produce good flame temperatures without the^ danger of flame impinge 
ment. Specially designed high intensity burners can operate quite satisfactorily at 
10 X 10^ Btu/hr-ft^ levels. The overall heat release rate (for complete combus- 
tion) ranges from 30.000 to 70.000 Btu/hr-ft^ for more conventional gas-burning 
inistallations. 

The pressure against which a burner must operate is another important con- 
sideration. Furnaces normally operate at -f 0.01 to 1 inches of water column 
gauge pressure. Air leaking into the furnace is preferable — in most applica- 
tions—over leakage from the combustion chamber to the arnbient. However, too 
much vacuum could lead to^ excessive furnace roar and an unstable flame. 

The exhaust system is yet another component deserving careful attention. It 
handles approximately 10 — 12 scf combustion products for each cubic foot of 
natural gas burned. Larger installations use either extended natural draft stacks or 
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,mTh.ni./r<l <l.al. <l. vurs. ui.h tlu- lalir. l.r<o,M.nK nn.ir umuuou hrcusr thcv 
oMU.ol i-as How, b.M.oi. W..lmul .nrduiMu al <1. alt oquipmoni. M .s oxtmm-ly 
(l<ull to snrcily (IHi.iiu- pu-^r pnuxls loi s»ai» ups and shut aowiis. sincr ihr 
availablr naunal <l.al. <lrp.Muls .>m (ho UMnpr.aiu.r difforonco br.we<M, ihr slack 
ainbuMU, vvhuh .a., va.y . cmsuI.m al>ly Slack lompora.vnes Im-Iow 200 1< 
will rauso cor.os.vr , ,>.ulcnsau<>M Muc gas ir.npo. a.un-s csuisr pioblrnvs wlu-n .hr 
ri.ing ,a.c ,s low a.ul when lino ^as sc.nbbns o. lu-al .rcovr.y drvuVs a.r used. 

Opt'ralion aiwd C^ontrol ^ 

Saic.v sbnnld be ibc touMnosi considn alien in opera tingjfeas fired combustion 
lusiallauons. RrKula.ioMs an<l p,o< c-durcs for safe operation o| burners and fmng 
system operation have bec-n <leveloped by AGA. UL, KM. NFPA, as well as through 
hn ab ordinances I bere should always be a purge period after a name-out. 
.egaKllessOf the reason. I bis will ensure that any combustible (explosive) mixture 
,s elnninaied from ^he combustion chamber before reigiytion is attompu-d. Before 
firing with natural gas. inspect the gas injection orifices and verify that all passages 
are unobstructed. Filters and moisture traps should be in place, clean, and 
operating effectively to prevent any plugging of gas orifices. Proper location and 
orientation of diffuses, spuds, gas canes, etc.. should also be confirmed. Look for 
any burned off or missing burner parts. 

Many burners will function satisfactorily under, adverse conditions (particularly in 
cold surroundings) only if the mixture is rich and the name is burning m free air^ 
With l,urneis of this type, it is nec essary to leave the furnace doors open during tire 
start-up period. If the doors are not left open, the free air in the furnace will br 
used up after a few seconds of operation, ^md the burner ttame will be eictin 
Kuished Under these conditions the presence of a pilot light is a potential source of 
danger, because combustible gases will collect c^uickly after the ttame has been 
extinguished and could'be ignited - explosively by the pilot (2). 

Always consult knowledgeable personnel before attempting to switch fuel or alter 
the firipg rate, 

Proper operation of a gas H red installation requires that the fuel rate be con- 
trollec! in relation to the demand, and the air supply must be appropriate to tin- 
fuel supply, rhis can be accomplished either manually or by aiuomatic control. 
The incoming gas supply is regulated at a constant pressure upstream of the con- 
trol valve This valve can be used to control the gas now. based on a signal troni 
the output of the heat exchanger, Combustion air regulation is achieved through 
manipulating dampers or by a special draft controller. Larger installations are . 
likely to use more elaborate .systems.where the fuel and air nows are metered with 
automatic adjustment to compensate for any changes or disturbances. 

Gaseous fuels pass through one or more fixed orifices before entering the com 
bustion chamber Since now through an orifice is proportional to the square root 
of the pressure drop across it. small nuctuations of the upstream pressure will not 
have a very significant effect on the gas ttow rate. However, should it be necessary 
to reduce the firing rate to 25% of its peak value (4-to 1 turndown), for example, 
a 16-fold decrease in gas pressure would be required, with the an How rate 
adjusted accordingly. I his factor presents quite a control problem, particularly 
with Hring-rate modulation in pre-mix type burners. ' 



F^iilVire to maintain proper air luol ra(ios t an load to <)poriinion w^tli insuUicirin 
air or witti Ihk'^ excess air.- The most (Oinnion < aiise ol insiillif .lii i.*^ iiM<l(^ 
quale fresh air openings into the boiler rooni^Aniong the indjl a(ors of insuf f i( ien( 
air are: 

1. Ho/, stufly-fc^Iing in the boiler room 

2. Biirner pulsations 

3. Extremely '*rich" flame that seems (o 'roll" in (he f urna( e 

4. FlanY' front detached from the nozzle 

5. E^ccessive gas .consumption 

6. Soot deposits on heat exchange surfaces 

7. Smoke from the stack ^ 

8. Carboji monoxide produced by incomplete combustion, 
loo high excess air is indicated by: 

1, Extremely blue and 'hard** (lean) flame appearance 

2, Combustion roar 

3, Burner vibrations or pulsations 

4, Flame front blows off burner nozzle 

5, Excessive gas consumption 

6, Sharp, acrid odor of aldehydes and other partial oxidation products 

7, Flame extinction 

Flue'^gas analyzers are frequently used to give an indication of combustion 
quality. Chemical or electrical analyzers are available for this purpose. Normal 
concentration ranges .of combustion products in natural gas-fired installations are: 
9 -11% CO2; 6-3% O2; no CO^and H2 Attachment 7 9 shows the qualitative 
effect of air fuel ratio on the flue-gas composition, as well as the results of 
incomplete or poor jo^iixing. If only the flue gas CO2 concentration is measured, it 
is possible to be misled about which side of the stiochiometrH air-to-fuel ratio one 
is operating. . 

Stack gas temperature in conjunction with its CO2 concentration can be used to 
determine the 'flue losses'' and hence the n[)proximate^^mbustion efficiency with 
the help of Attachment 710. which has been developed lor iiatujial gas-fired 
installations (8). ^ 

Air Pollution Considerations ^ 

Most/gaseous fuels, with the possibk" exception of some waste gases, are considered 
to bfe clean fueJs. Pipeline-grade natural gas is virtually free of sulTur and par ' 
ticulat&Jr-k^ombustion products do not pollute water. Natural gas transportation 
and distribution facilities have anninimal adverse ecological impact. However, 
leakage of natural gas or LNG can pose a very serious explosion hazard indeed. 

rhe principal air contaminants from gaseous fuels,, which are affected by the 
conibustion' system design and operation, arc the oxidi/able materii^ls carbon 
monoxide, carbon, aldehydes, organic acids, and unburncd hy^Jrocarbons. Burner 
design also affects the production of the oxides of nitrogen, jtarticularly in large 
steam power plant boilers. The NO^ problem and techniques for controlling it are 
discussed in Chapter 16, , 



AiuuhiiuMUH 7 11 and 7 12 ^\\c the untoniiolled cnnssjon (ois loi naiuial i;as 
and liqucfuMl piMrolcuni gas (LP(;), irsprcnvHy (?>)• NinogcMi oxidr tMuissions honi 
(hesc fuels are a.funelion of (he (enipera(ur(* in (he e(>nibus(ion ( haniber and (he 
(ooling VMV of (he combus(ion pro(hH (s I liese vahies vary eonsidei ably wi(h [he 
(ype and si/e of uni(. Emissions ol aldehy^(\s ar(* inereas(*d when (here is an insuHi 
cient anu)un( of eonibusdon air or an inconiple(e mixing of (he fuel and the eoni 
bust ion air. 

ll has been stated often thai gas burning ins(alla(ions do no( produee a polhuion 
problem. Sinee areas of stable llame (Aliachmen( 7 4) cover a wide range of How 
rates, often wi(h less than 100% iheoretiial air. many gas fired units have been 
found to operate with insuffieien( air resulting in high CO emissions ( 1 ). - l ypieally . 
gas fired units do not need as much allenlion fronvihe operator as coal and fuel 
oil furnaces. A smoking stack of an oil fired unit is perhaps a better indication of 
improper combustion. When a natural gas burning installation does smoke, or even 
emits a light haze, it usually has a burner problem. With atmospheric type burners 
the problem is likely to have originated from a flash-back which destroyed the ^ 
burner body or clogged the throat with soot. 

To help alleviate the natural gas shortage, as well as reduce the pollutant emis 
sions from gas fired installations, efforts are now being made to increase the 
average seasonal efficiencies of existing gas furnaces to about 60% and for new fur^ 
naces to approximately 85%. ^hese gains in^efficiency could be achieved by 
retrofitting existing furnaces with qomponentst such as advanced burners, improved 
heat exchangers and heat pipes, and by replacing old furnaces with pulse- 
combustion units or condensing furnaces. \ ' 
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Attachment 7-1. Atmospheric premix-type j^as burner 



Secondary air, 60% 



Burner nozzle 
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Primary air, 40% (inspirated) 
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Attachment 7-2. Natural gas flames with varying primary air^ 
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Attachment 0)in|H)sition and flame propaijation 
for maximum-speed mixtures with small burner tubes-^ 
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Attachment 7-4. Atmospheric burners— flame stability 




Increasing gas rate per port, Btu/hr-rf|? 
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Attachment j7-6. Selected gas burner types 



Primary lir supply 




Vcntiiri tube 



2^ 



' Gaf lupply 

1. AtmMphcric g«i burners pull in tbrir primary 
air for cooibuition by the action of a streain of 
low-pressure gas expanding through an orifice. 




Cast-iron ^ 
^^-^^jgas manifold^ 

Premiaing iA fuel gas and air needed for com- 
bustion takes place in a mixing chamber outside 
the furnace proper. 




S. Vanes placed in the path of incoming air to 
this tunnel burner act to impart sif irling motion 
to stream. 




Combust io 
tunnel 



Spud holder 



Inspirator body 



5. So called low-pressure gas-burner systems work 
with air und«V pressure and gas at atmospheric 
conditions. An inspirator governor, left above, 
delivers gas-air mixture at proper pressure to 
burner blocks, right above. 



CI 




Two stage inspirator action 



b. Two-stage burner operates on high-piessure 
gas; passes it through two venturi sections in 
series. Primary air enters, shutter, at left, under 
induction. 



Air loUYer control levei 




Gas manifold 



4. Gas issues from a number of spuds connecting 
to vertical and horizontal manifolds. Primary air 
enters around the spuds. 




. 7. High-pVessure gas issues from jeu in the spider 
and reaction ^spins the spider to rotate the fan. 
Resulting turbulence gives prompt, thorough 
mixing. 
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Attachment 7-7. HGE Sulzer combustion burner 
(Trane Thermal Co., Conshohocken, PA)^ . 

I 
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Attachment 7-8. Multi-fuel oil gasifying burner 
(U. E. Corp., Ringoes NJ)^ 
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Attathm'ent 7-9. Fliie'gas analysis2 




%C02 ^j*^ ' 



Poor mixing* 
Good mixing* 




wmmmm 



Air deficiency 



ChemitaUy.cyrrBfct Excess air ^ 

; . / / • *. Air-fud ratio > ' 

♦Note: TRe differences l^etwceri poor and good mixing of the fuel and air are shown by the 
f solTSi and Vokcn Utick, respectively. Thi$ chart is tor qualitative comparisM^tT^ only; 
■\ .x^*^ hence no. liumcrical values are shown/ . - ^ ' , * 



c 



Attachment 7-10. Flue heat losses with natural-gas-fired 
*- installations^ 
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N|^te: Average dew-point for flue gas products of natural gas cojmbustion is 178°F. 

Example: Heat loss for flue gases at 400 °F temperature difference above room and 10% COg is 
found to be°19%. Therefore, the combustion efficiency is 81%. . 
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Attachment 7-11. Emission factors for natural gas 
combustion emission factor rating: A*^ 
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NiliogtMi oxides (NOt^)** 


700' 


11.200' 


(120 2 SO)' 


(15)20 3r)80)' 


(80 120)J 
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*»RefereiUTS 4. 7, 8. 12. , 

^^Refereiue 4 (based on an average sulfur eonleiu of naUiral gas of 2000 gr/ 10^^ sidfl 

(4600 g/lO^Nm^). 
* References 5. 8 12! ^ 
^References 8, 9, 12. 
^'References 3 9, 12 16'. 

^Use 300 Ib/10^ sldfi^ (4800 kg/ 10^ Nm^) for tangoniiaily fired uiiiis. 
^8 At reduced loads, muliiply this factor by the load reduction coefficient given in Figure 1.4. 1 
^^See text for potential NO^^ reductions du^to combustion modifications. Note that ibe NO^ 

redutiion from ihcjse modrficaiioiivS will a|so occur at reduced loud conditions. 
'This represents a typical range for many indu^irial boilers. For large industrial uni(s ( > 100 

MMBtu/hr) use ih^^ NOj^ faciors presented for power plants. 
JUse«0 (1280) for domesiic beaiiug units and 120 (1920) for commercial units. ' 
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Attachment 7-12. Emission factors for LPG combustion^, 

emission factor rating: 



Pollutant 


^ Industrial process furnaces 


Domestic and commercial furnaces 


Butane"^ 


Propane 


Butane 


Propane 


lb/ 10' gal 


kg/ 10* f 


Ib/lO** gal 
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kg/lO* ( 


Ib/lO* gal 


kg/ 10* r 


' Particulates 
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0.24 
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0.23 


Hydrocarbons ^, 
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0.036 
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c9.036 
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0.096 


0.7 " 


0.084 


Nitrogen oxides*^^ 


- 12.1 


1.45 


11.2 


...©35 
■1 * ' 


(8. l|)d 

' 1 


(1.0 to 1.5)«* 


(7 to 11)«' 


(0.8 to 1.3)*' 



^LPG ^mission factors calculated assuming emissions (excluding|ulfur oxides)'are the same, on a heal input basis, as 

for natural gas combustion. i 
equals sulfur content expressed in grains per 100 fl^ gas vi^^; e.g.: if the sulfur contem is 0.16 grain per 

100 ft^ (0.366 g/100 m^) vapor. the'SOg emission factor Wjldd be Oj09 x 0.16 or 0.014 lb SO2 per 1000 

gallons (6.01 X 0.366 or 0.0018 kg SO2/10^ liters) buiaii^fnirned 
^Expressed as NO2. '^'^^^ ^ 

^Use lower value for domestic uniti and higher value for comjgd^rcial units. 
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Chapter 8 

Fuel Oil Burning 

-$ 

Iniroduction to Oil Combustion « 

The overall purpose of fuel burning is to generate bot combustion gases in a useful, 
efficient, and environmentally acceptable manner. 1 bis is acbieved typically by 
burning the fuel completely, witb a minimum practical quantity of air, and by 
discarding tbe fliM* gas at a reasonably low temperature. 

The rate of combustion of a liquid fuel is limited by vaporization. Light distillate 
oils (such as kerosene, No. 1 fuel oil) readily vaporize iiV simple devices. Other fuel 
oils, because of their heavier composition, require more complicated equipment to 
assure vaporization and complete combustion 

In order to achieve complete combustion, oils are atomized into small droplets 
for rapid vaporization^ The rate of evaporation is dependent on surface area, 
^ which is greater as the atomized droplet size is smaller (for a given quantity of oil), 
^tomization size distribution varies with the type of burner, as illustrated in ^ 
Attachment 8 1. The desired shape of the atomization pattern (hollow cone, solid 
cone, etc.), as well as th>? droplet sizes, are influenced adversely if fuel viscosity is 
improper or if the nozzles become carbonized, clogged, eroded, or cracked. 

Viscosity i^ a measure of the fluid s internal resistance to flow. It varies with fuel 
composition ^id temperature, ^s was illustrated in Chapter 3, Attachmetit 3-6. At 
ambient temperature. No. 2 fuel oil may be atomized properly, but typically No. 6 
fuel oil must be heated to around 210°F to assure proper atomization. No. 5 may 
require heating to 185^F and No. ,4 to 135°F. 

Dyf^t and foreign matter suspended in the oil may cause wear in the oil pump 
and blockage of the atomizing nozzles. Strainers or replaceable ftlters are required 
in the oil suction line, as well as in the discharge line. Some burners may have a 
fine mesh screen or a porous plug-type filter to^preyent nozzle damage and the 
resulting poor^droplet atomization. Other systems may have pumps with design 
features to collect particles of foreign matter and to mechanically reduce their size^ 
to minute particles which flow through the pump, filter, and nozzle (1). 

Proper mixing of droplets with air, a/continuous source of ignition, and ade^ 
quate time to complete combustion (before the hot gast§ are quenched on the fur- 
nace surfaces) are otheic requirements. However, if tbo'^much uneven raixing or t,ur 
bulence is present in the flame zone, hot spots may occur which will result in 
higher NO^ emissions. \ 

During combustion of a distillate futM oil, the droplet becomes unifoVmly smaller 
as it vapojizes. By contrast, a residual ^il droplet -undergoes thermal and catalytic 
cracking, and its Composition and size undergoes various changes with time. Vapor 
bubbles may form, grow, and burst within a droplet in s»d> a way as to shatter the 
droplet as it is heated jn the combustion zone. If adequate tinme arfd temperature 
arc not available for complete comlJustion. carbonad^Qus mat^ri^ls (soot) may be 
deposiied on metal i>urfaces or be eipitte^with smoke. 



Oil Burning Fquipuioni . ^ 

Oil huining luin.ucs oi hoihMs aic < lass^liod ivpi(.«lly as (•i4lu t (loinrsii* ((miimici 
i-ial. iiulusiiial. oi uiiliiy si/od units. Alihoiii-h linnis wWuU scp.n.uc ilw si/c 
designations air not dcaily osiahlislu-d, each gioup l»as inipoi la^x < l.ai ai icnsin s 
As displayed in Aiiat lmuMU S 'i. small icsidniiial healing uniis use ( oiisidci ably 
more excess air and burn wiili a nuu b slioi u i irsideiu e iiin( \Jiaii ilu- \Av^rv iiinis. , 
I hv larger volunu-iiir bcai release rale of ilie snudlei sized units lesulis Iiimii (be 
favorable area to volume ratio lor small units. As units ol larger si/e are eon 
sidered.) special beat transtei design provisions aie required for adequate eneigy 
extraction. 

Domestic oil burners typically burn No. 2 fuel oil at a rate of between 0.5 and 
3 gpb (gallons per bour). Tbese units are mass protUued packages wbicb include tbe 
combustion air fan. oi| pump, gun or nozzle assembly, and transformer witb ^ 
ignition electrodes. I'ypical domestic units bave simple automatic cond)ustion con 
trol features, witb around 40% excess air required for complete combustion. 1 bese 
units .should bave the oil filter cleaned or replaced and the noz/le replaced at least 
annually. . , 

Commercial sized oil buri^j^s typically burn No. 1. 5. or b fuel c>il at a rate of 
between 3 and 100 gph. Although electric heating of oil is typical, steam may be 

.used. These units may also burn No. 2 fuel oil. Around 30% excess air is provided 
for complete combustion. An example of a commercial si/.etf oil unit wouUUbe that 
of a Scotch marine (fire tube) boiler shown in Attachment 8 3. Commercial sized 
units may also be designed as integral furnace (water wall) heaters or boilers. 

Industrial-sized oil fired furnaces or boilers typically burn No. 4. 5, or 6 fuel oil . 
at a rate of 70 to 3,500 gph. These units may be constructed either at the site or m \ 
a factory, depending on the size. Generally steam is produced for purposes such as 
process heating, space heating, and electric generation. Combustion occurs wuh 
aronha 15% excess air. One example of an industrial-si/.ed furnace is that ol a 

XX^pe- integral furnace boiler as shown in Attachment 8-4. Many units are capabfe 
of burniiig either oil or gas. 

' Utility boilers which are oil fired burn No. 6 fuel oil. Bunker C. at rates of 3.500 
to 60.000.gph. These are large installations having proper combustion control 
systems and maintenance for maximum efficiency with combustion at around 3% 
excess arr. ' » , . 

Examples of Burners . ' 

A large number of oi! burner (atomizer) designs have been developed to meet 
objectives such as economy, durability, and reliability in providing the atomization 
or ridme requirements of the various furnace design.-^ Exaiifip^s of burners are 

* presented in the following paragraphs. 

• A high-pressure atomizer fgr domestic applications is illustiatec^ n Attachment 
" 8-5..Units of this type may burn No.' 2 fuel oil (0.5 to 30 gph) at pil pressures of 

100 psi. Nottfthe eone nozzle and swirl vanes which provide an increase in air/fuel 
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mixing, Klccirodes piovidt* a (oniiniious soiiur ol igniiion. Cloniiol ol [Uv oil 
pump, (ypic ally, is by a ihcrmostatii ally coniiollcd on/oli swi(( h I ligh piossiiK* 
atomizers for comm^cial and indusdjal a))pli( ations may i)ut ii No. \ oi 5 iurl oil 
(up to 200 gph) with oil pressure up lo 300 psi. 

A low pressure air aiomizer is illustrated irv Attac hmern H (i. hi dom(\sii( applii a 
tions. No. 2 fuel oil is burned (0.5 to 6 gph) with oil and air pressures around 3 psi. 
Note the tangential air passages which produce swirl of primary air prior to 
imparting film of oil. In conuneicial applications No, 4 and f) fuel oils also may be 
burnecf (5 to 150 gph) with air and oil pressures from 12 U) 50 psi. 

Steam or air atomizers for commercial, industrial, and uiiliij applications (up to 
1,100 gph) may have oil pr^\ssure up to 1.000 psi diid steam pressure 20 to 40 psi 
greater than oil pressure. I'he burners may be external mixing with a typical 
atomization cone and flame (see Attachment 8 7) or internal n>ixing with a short, 
bushy flame (see Attachment 8 8). If steam is used, a steam trap is provided to 
'KMnove condensate which Would cause nozzle erosion. 

Mechanical atomizers, with provisions for firing control by retiun-now (spill- 
back) pressure regulation, are illustrated in Attachments 8-9 and 8 10, Oil pressure 
may vary from 450 to 1,000 psi in typical industrial and utility applications with a 
fuel rate up to 1,250 gph. 

4 

The horizontal rotary cup oil burner was formerly in widespread use. However, 
as was indicated in Attachment 8 1, the droplet sizes formed are considerably 
larger than for other buyers. SmokinJ^ tendencies have resulted in sources 
changing to burners of other designs. In the rotary cup, as illustrated in Attach 
ment 8-11, tin oil film inside a hollow cup (spinning at around 3,500 rpm) is sub 
jected to centrifugal forces which cailse the^atomization. If the cup* becomes eroded 
or cra<^ked, atomization cjuality .deteriora-ies. 

Factors Influencing Air Pollutants from^Oil Combustion 

The properties of the oil amt the chdracteri'stics of the combustion equipment 
influence the air pollution ernissions from stationary sources. Air pollutant emission 
factors fgr oil combustion are presented in Attachment 8-12. " 

The emission factors for sulfur oxides (expressed as lb. /1, 000 gal.) depend 
primarily on tHSI sqlfur content and to a lesseri^xtent on the type of fuel (distillate 
or residual, because of their differept densities). ^ 

Nrtrogen oxide emission factors are larger for larger combusion installations. 
This is deptn^ent upon tht combustion teniperature and nitrogen composition in 
the fu^el, both of which are more favorable with smaller installations. 

Fuel oil has a small ash composition from a trace amount in No. 2 to 0.08% in 
No. 6. Particulate emissions^ depend on the completeness of combustion as weli as 
the ash content. The emission factor for particulate emissions from residual oit^ 
burning is related to the sulfur content. This results from the fact, that lower sulfur 
No. 6 fuel oil^ypijcally has substantially lower viscosity and reduced aspha^erie and 
ash content. Consequently, lower sulfur fuel oils atomize and burn easier. '^his 
applies regardles^of whether the fuel oil is refined from natui^lly occurring low^ 
sulfur crudes or is desulfurized by qurrent refinery practice. 
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Vhv vanadium contrm in fuel oil may hr drposiinV in llic asU on hoilci nictallu 
surfaces, l luvsr dcposus ad < aialyucallv in i omwuu^ SOn «<) SOj, (luMcby ( iraim}. 
<lrw poini and and smut probUMUs. Oil'liicd InniUMs may nnii and snuiis (pai 
titulatcs) wlucli tall ou» nca. ihv sunk and slam oi rich palmed suira((s Add 
sunns may be c aused by (bo mcialbc sm I aa-s op<M ;uinK well below tbe acid dew 
point o( tbe flue gas wiib som al)so!l)mg suUuru aeid vapoi Swnebini; to a neglii»i 
ble vanadium content fuel may reduce the conversion ol S()2 to SO^ and tbereby 
avoid tbe acid smut problem. 

Both sodium and vanadium from fuel oil may form sticky asb compounds liaving 
low meeting temperatures. I bese c('>mpounds increa.se tbe deposition of asb (loubng 
beat excliange surfaces) and are corrosive. Soot blowing sliould be fiec,ucnt enough 
so iliat asb deposits cannot build up to a tbickne.ss wheie tbe surface becomes 
molten and tbvreby difficult to clean. 

Fuel oil additives, such as .^lumina. dolomite, and magnesia, bave been found 
effective in lechicing superbeater fouling, bigb temperatUre asb corrosion, and \ov/ 
temperature ash corrosion. Additives may either produce high melting point asb 
deposits (Wbicb do not fuse together) or form refractory sulfates which are easdy 
removed in soot blowing. 

Other fuel oil additives may reduce .smoke and particulate emissions. 
Organometallic compounds of manganese, iron, nkkel, cobalt, barium, and 
calcium have a catalytic influence either on oxidation of soot or on the prcMuotion 
of free radicals which react with .soot. 

Maintenance of atomizing no/zles includc^s removing thetir from the furnac-e. 
cleaning them to rc^moN^ deposits and foreign materials. arikUnspecting them for 
wear or cracki;. A major installation may reciuire maintenance of nozzles durmg 
each cight hcmr shift. On the other hand, a small residential installation may 
reciuire nozzle replacement and strainer cleaning only once a year. Poor atomiza 
lion results in na«hes "which are longer and darker and which increase the soot or 
slag buildup on/urnace walls. Soot or slag act as insulators and thereby reduce the 
heat ttansfer efficiency. 

Draft is the^fcative pressure difference between the Inside of the furnace (or 
^ stack) %id the^tside. If draft is too high the hot gases are ac celerateci too fast 

'*with inadequate residence time for complete combustion. 

If stack,draft is too low, adequate pressure dr6p may not be available to pull t'he 
gases across the convection breeching. If furnace pressure becomes greater than 
atmospheric cooling air is no longer drawn in through various cracks and aper 
feres, and there is outward movement of hot gases, quenching of combustion gases, 
and overheating of the furnace structure. 
* Draft si ould be set at orjiginal design value for proper residence lime, air/fuel 

mixing, and settling velocities for blown soot. 

Poor ignition and uajtable flames can cause smoke. Ignition provisions Vary with 
• . fuel and atomizer 'typ^A domestic unit firing No. 2 fuel oil may have a con- 
tinuous spark between two electfodef Wlrtch is driven by a 7,000 to 10,000 volt 
transforme*. By contrast, a utility or industrial unit may have a fully programmed. 
■ staging sequence which uses.pilot. auxiliary fuel igniters, sta^d burner contrails, 
• atid safety interlocks (which may use optical/ pressure, or temperature sensing 
' equipment). V . " 



( 

5>m<>i<inj4 may 0(< iii duiinjk; a ioUl siaii iinU.ss ilu* drsign [)iovulrs loi adt'<|ii.U(' 
ignition energy and (onuolled delivt'iy and mixing ol [\\v fuel and air, Igniiion 
energy musi eonipensaie for ihe exira high heai loss lo ihe <<)ld (omhnsiion 
ehambei. In order lo rtuluee smoke and redu< (' finna((* damage due U) iheimal 
slunk, sonu' systems [)iovide lor slow heaimg ol < ombusiioii i handx i \)\\o\ lo lull 
liiel firing raie. 

The U. S. Knviionmenlal Froierilon Agency has published adjuslnuMii pro 
eedures lor packaged industrial. eommer< iai, aiul dom<\sii( units (5. (i. 7) ! hese 
[)roeedures will be disenssed in Cha[)ter 17. 
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Attachmen^^-l. Atomizing characteristics of different 
burners — distributi($hs of droplet size 



1.2 1 1 1 1 1 r 




A =; steam atomiiing 

B = pressure-jet atomizing 

C = rotary cup atomizing 



Attachment 8-2. Typical oil combustion design parameters^ 



Unit Type 


Heat Input 
Million 
Btu/hr 


Excess 
Air, % 


CO2 


Volumetric 
Heat Release 
Btu/hr ft' 


Residence 
. Time 
Sec* 


Home heal 


. 0.18 


40 


11 


340,000 


0.13\ 


Apartment boiler 


2.2 


•'27 


'13 


100.000 


0.50 ' 


Ship s boiler ^ 


80 


15 


14 


70,000 


0.80 


60 MW power 
station 


QOO 


3 


; ;i5.7 


20,000 to 40.000 


2.2 to 1.1 




\ 






1 • 
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Attachment 8-4. D-type integral furnace boiler 



/ 

I. 



Attachment 8»5. Typical pressure atomizing #2 oil burner^ 



Fuel unit 



J^iir thuttrr 
adj. screw 

Preiturc 
^ regulating 9cwW 

Combiution head of 
noitlc line locknui 



End plate 



Blower houiing 



Combuition head and 
noizle line locknut 




To nozzle oil line 



Adjustable pipe leg 



Electrodes 



4^ 

Bus bars 



Suction line connection 

Return line connection 
Air tube set screw 



Air cone 




^ Delayed opening oil valye 
Lock nut ^ 



Oil drain in air cone 



IS.) 



Attachment 8-6. Low-pressure, air-atomizing oil burner 



Air 



Oil 




Attachment 8-7. External mix stream or air-atomizing burner^ 



^ Air or steam supply 




Oil supply 



Attachment 8-8. Internal mix steam-atomizing burnier^ 

3 45 

/ ^ Steam supply 



1. Mixing noi^zle 

2. Sprayer plate 
S. Nozzle Ikxly 

4. Atomizer barrel 

5. Inlet tube 




Oil supply 



Stea^ supply 



r 
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Attachment 8-9. Mechanical atomizer, return-flow typi^lO 



Oil murii ,No77lc iHKly 

Aloniircr barrol 




Path ol f h)w 



Oil return to 



indicated by arrows . 
" iznk or suction 

pump 



Attachment 8-10. Example pressures for return-flow type 

mecti^ical atomizationl^ 



450 P«i 



High fire 




1 


s 

445 psi 




•> 

450 lAi 


- 


250 p»i ' 


' ■ ■ Jj ■ 




8.10 : , l9i 



Attachment 8-11. Typical \rotary ciip burner^> 



Stamped no,, on fuel a 
\ip to be in thii position ^ 



Center noitlc 
around cup by 
■lil(Uiif Can 
csie corer . 



Standard frame 
S4M) rpfn motor 



Steel cable 
type bclu 
tingle bell drive 

on no. 11-110 
dodblc bell drive 
Ml no. l25>tS0 



Magnetic 
oil valve\ 




Low 



AtUchmcnt 8-12. Emission (actors for fuel oil combustion ' 



nffi 



Typt of boiltr* 



Poliutani 


ftof iduAi oil 


Industrial and cbmn>eA:ial 


Domestic 
Oiitillate oil 


Rtsidual oil 


Distillate oil 


lb/10^gal 


kg/103|ittr ' 


Ib/IO^Oal 


kg/l0^littr 


4b/10l9al 


kg/l03 litfr 


Ib/lO^gar 


kg/IO^ littr 


Piifticulatt^ 
Sulfur .diONidt^ 
Sulfur trioxidt^ 
Carbon monoxidt^ 
Hydrocarbom 

(total, as CH4»' 
Nilrogan dxkkt 

Itotal. ai N02>* s 

... 


e 

. 167S 
JS 
8 • 

1 


0.26S 
0.63 

0.12 

12.6(«.26>^' 


• c 
157S 
2S 


c 

' 19S 
0.26S . 


2 ' 
. 142S 
2S 


0,26 • • 

17S 
0.25S . 


. 2.5 
M2S 
2S • 


0.31 • 
17S 
0.2&S 


tir — 

1 

60i 


0:63 ; 

0.12 
7.5i 


^ 22 ^ 


0 63 ~— 

0.12 
2.8 


1 

18 


=^:63 : 

0.12 
2.3 



^loilirt CMI Im dMifM, rouaMy, Mcordlfia to thtk froM fhiflhtr) liMt Input r«|^, 

' .l\»w«r piMt (utMlty) ho^mti >280 m *1<P •lu/hr 

t>OK IQ^IirM^) 
irtduttrM bolttrr >1tx 1<r. twt <«SOx KP ttw/hr 

O&l X lOi, but <0) X 10« liM^/lirt 
CommtrcM boH«rf: >0.S x but <1S x 10* BtuAir 

(>Oif)k lO^ttut <3.7x 10lBkt«al/hr| 
DomMte (rttidinttiO boltort: <a$ x I0li Btu/tir W 

«0.13x10»kf-c«i>irl 

^feMKf on fMcTMiM 3 thfouab t. ^Mloilaiv It difMwl in HiH mtlon #i ttiat 
^ imttrM coltflcttd by If A MttfM S Uront 

^NfticulA* •mMao liit«f» for 9mk4 u td oM eoAbutiiton ar« but jiicrib u d » oi) 
tM awH^ M • function nf fuil oH otmN mhI tulf ur «onttnt« m ttiown MmAr. . 
dradtaoN: lb/tO>fil«10(S)t3' 

|ka/1^liar^ O.MI ^ 

Whatt: f J» ttia MfttntM^ by vwvit. of •ulluf In ibt oil 
^kf/t^llicr) ^ \ 
i/103||ttfl r 



111. 



• l| ftif pff ctntao** by VMlgHt, of tulfUr In 



OridtioarMOIWi^aMi 
Grade 4 oil: 7 lb/t<M act «KI 

I oo Pfcfcrmcpl I thrc 

flPcMf on riaf crcnoic lfir«tu|h • anH • tbroiiah llO. Carbon monoxlda amlMiofii 
|nay intraaia toy a fiatory itf to tOO If a unit (i aoarcM or not «^ 

jMlnialnaa. 



^Baitd on Rafartncat 1. SoK^OuaH 6, and 10. Hydrocaft>Of\amUtioni ara^gantf- 
ally nagllaibla Unlati unit ti improparlv oparatad or iwt vy^l maintaintd. in 
Mhich casa amiulont may ^rwraaia by iiWaral ordari of i H bi n Moda. 

^aiadonRafarafwafl 1 ttirouah5i|i>d'lBthroui|t>.11. \ 

^Ukt 60 tb/lOl ^1 (9.28 Icg/IO' llt«rf for tanoMtlaiiy Ikad boHn i and 106 
lb/103oiM12.ek9/fO)lltar| for all ottian. at full load.and normal (>l6 
parcanti axcait air. At raducad ioadi« NQm amimoft ara raducad by 0:6 to 
1 parcfnt, on \ha cvfraga^ for ayary par^iaaa rfductldn fn t>o>tar toad. ^ 

^Sfvaral cofNbmtlon modltlcatkmi can ba amployad lOf f^On raductlo.n: (it 
llmltad axcan air firing ean raduca n6x amltsloni^ 6 to M> parcant, (3) ciaead 
combuiiicfn mo NMuca H0\( amiwipni by 20 to 49. ^ar^anta and OMtua a** ' 
raclrculatloi) ean raduca NOn amdtlont by 10 to 46 parcant. Combinations of 
tha nrKMlIf Icatlont hcva t^A ampkiyad to raduca NOm amiiilom by at)rnuch at 
60 parcant In ear tain tiollari. Saa taction 1.4 for a HiKcuttlon of thatafiOM- . 
laducli^tadini^l^^^^^ ' : ■ '-'r 

'l^ltrpidn oxMpi a^ 

marclal boMart art ttronoly dabaftdant on tha f ual nitrotan coniant and can ba 
attimatfd mora accurataly by tha fbNo)Mn9 anriplrical ralatlonahip: 
•bl«)2/10}.aar- ?2*^jN»» ^ 

f^O2/103 mart « 2.76 ^.90 (N)2| ^ 

Wbaio: if la tha oci^tia^. by of ^iroaMv m tfia •JlJ^^'i'VS^^ 

* ^ >p.6%/by j^laht) nitrooin aon^anii, ona fhoM IM lb / , , 



hloj/«^^ ht>lba>ld3 War^ at an amUtlofl f aator. 



Chapter 9 

Coal Burning 



J he^)roblem of energy supply has refocused ^ttrntioii upon coal as a vial)l<* energy 
resource, and the changeover-ot coal burning faciliiies to either oil or natural gas 
has^halted. This changeover, which became popular in the 1960s, ^was stimulated 
by both economic ^d air quality considerations. ^ 

In the late 1960s natural ^gas was^available at an average cc)st of $0.64 per 10^ 
Btu, low sulfur oils at $0.72 per 10^ Btu» and coal M around $0.50 per 10^^ Btu. Du 
to the considerably greater capital investn^ent required to burn coal acceptabJy. 
there was little incentive for burning coal. Although tqday the physically and 
environmentally cleaner fuels have much to recomrtiend them, federal energy 
" pbircy^""\^^ concerned witTi Tuel availability, 

which has become a m6st important feature of the economics involved. \ 

Th\5 chapter introduces the fundamental practical aspects' of coal combustion. 
Additional details may be' found in the references.S . ( 

Coal, as found in nature, occurs in seams of vai/ying thickiij^ss and at various 
^epths in the earth. As mined, coal will cont^iin varying amounts of fixed carbon, 
volatile ma?tter, sulfur^ clay, and slate. Ijt is classed into four broad ranks in accor 
dance With ASTM D-388 (1) ($ee Attachment 3-10), <<rhich essentially categorize;^ it 
by c^hsidering ^xed carbon and calorific values. An obvious air pollution concern 
relates to its sulfur content, which rangejf from 0,5 percent or less, to something 
over 8 percent, depentfling on sourqe. Table 91 lists esM^i^tes of coal reserves by 
rank in terms-of sulfur content," Bituminous coals are^the mgre commonly used 
steaming coals, though sub-bituminous coaf i&^ increasing. The d,i8tribution of major 
bituminous coal sources is shown in Table 9-2 (see Attachment |5-9 for a more com- 
plete total). Ash content is aJi important parameter, botlv in terms of^firifig equip- 
ment and particulate emissions^ Sulfur and asK content are soniewhat interrelated, 
in that sbme of the coal "ash" is due tq the pres^ce of iron pyrites, which also 
contain sulfur. ^ 



Table 9-1. Estimated cmI reserves— billions of tons. 



3 



Goal rank 


Sulfur content 


Bitu^iinous 

Sub-bitumino\i8 

Lignite 

> ■ . ■* 
Anthracit<c > 


<0.7 


0.8-1.0 


1.1-1.6 


" >1.6 

A > , 


104 .., 

256 

344. 


a 

130 

96 r 


49 ' 

/ 

. 41 


444 

1.3 ■ 
0.5 ' 


"totals 


720 ■> 


303 


90 


. 466 ^ 


— — — r — - . • -"^ 

Percent bf 1500 , 

t, . .1. ^ 


46 


.19 


. 6 


29 ^ 



A.' 



Tablr 9-2. Bituminoui coal sourer disirihutton. 
BWlionS'of tontp cftimaccd (4). I.ocauon of %omr major /lr|MMit». 



• f 

• 


Sutr 


Sulfur content % 


f 


Alaska , 

' Colorado , * 

1 llinm^ 

Kentucky » 

Missouri 

r 


<0.7 


•9.8-1.0 


1.1-1.5 


> l.i 


20 
25 

18.6 


- 37 

1 


4.9 
8.3 


138 

J»o. 

78.7 




Pciinsylvania 
iVesl Virginia 
Wyoming 


20.7, 
6.2 


26.7 . 
6.6 


7.6 . 
21.8 

1 


— 41 

33 





Soufcc: 0,5. Bureau of Mines Circular 8312 



The sulfur in coal is fodnd in b^th organic and inorganic forms, jvith somewhat 
over fifty'percent as'in^organic iron pyrite and marcasice 1(2). Coal cleaning at the 
mine will reduce the ash content and simultaneously rediy^e the sulfur content by 
removing s^me of the iron pyrites. Cleaning is accomplished by gravimetric separa- 
tion, which is a successful method because pyrites arc about five times more dense 
than^coal. Unfortunately, methods to reduce organic sulfur are.not economic"'at 
this timef Consequently, flue-gas-desulfurization n;iay be requireil.* Although the ^ ^ 
costs are very high, successful sch^rmes have recently been demonstrated (5). The 4r 
jargent need for 'su|fur emission control ^nd.the limited availaoility of 4ow-sulfur/ 
^els will*contini\e to stimulate economic jind legabincentive/to speed the develop- 
tnpnt of improvea control systems. ^ ^ . y 

To choose coal as 4 fuel for a given plant site, its storage niust be considered. 
Freklycoal slowly deteriorates when exposed to weathering. Careful attention muk 
be given to the manner in which the coal is stockpiled; large prk^ooseJy formed 
can ignite spontaheously. This problem is most severe with smaller si;Ee8 and high^ 
sulfur content. Where very large storage is needed, such as at power stations, stock 
piles are created by u^ihg largi^ equipnient to form; pi^es several hundred feet wide, 
several thousand feet long, and about twenty feet high. Coal is distributed in layersy 
and compacted with "sheep's foot'' rollers tp minimize air pockets. Where' smaller 
(Juandties are stored and turnover is capid, coriical piles are used with a 12-foot 
de^th or less. Where open piles are not permitted, silos are used for coal storage. 
These arc equipj^ed with fugitive dust control for use during loading. 
' Coki^ts Dujtned in a Wide variety of devices, depending on the rate^ of energy 
;relf ase desirfd^^ the type and properties of the coal burned, and the fo/m in which 
it is Tired. In general, firing can be aciJomplishecl by using eitjier overfeed or 
urtderfced^stokers, #ith residence burning on grates, or by Using pulverized feed 



/ 



whciri-oal bums in !»u!iptMlibn-t.'s-s<niiailv as a tliiuli;tfl .sojul. Spuaati hii>k<-i inc.! 
units UMul W conihine an overfeed scheme with siis|iension iMiiniiig Cvi loiu- (vii 
naccs operale wiih the eoal eonv(;He(l to molten sirfg 

VVhat cMiai ac tei isties ofVoal inf luenee the ehoit ol i\i\\\y, etiun)meiu and opera 
tional prtKeduiesi' Combustion lequiies oxygen, tonnnonly piovitled by adnuumg 
atmospheric air. The chemical analysis of the fuel deieiniines the a^iiouni of aii 
needed. I he combustibles in coafare l arbon, hytlrogen. and suWur. I he nnninunn 
theoretical (stoichioiTietric) air siipply is thai whictvwill fully oxidize these com 
bustibles. To compute this quantity requires the knowl4:dge'of the quantities of 
each element present in a coal, information which i* provided by ihe viltinvate 
Analysis. To determine such an analysis requires a well trained t hemisi in a well 
equipped laboratory . ' ^ 

■ A second analysis coriiaining less chemical ^data, but still quite UH'ful never 
iMeBSy gnh? pr^vimatf analysi.^ jnu^s_a^nalysis gives the fixe d,ca rbon. vplatile^aj^ 
ter, ash, and' 'free moisture" found in a given coal. While it cannot provide" 
specific chemical data, it does provide relative burning data. For example, fixed 
carbon is that carbon in coal which is a.solid, as opposed to that which may- be 
coitibined in volatile matter and can be boiled off" as a gas when coal is heated. 
J;or a given size of coal, the required burning time is'increa^sed as the fixed carbon 
increases. While, this may seem of importance only for grate fired units, it is also 
important in pulverized firing. A coal with higher fixed carbon probaMy would 
have to be pulverized to a higher percentage fines compared to one of lesser fixed 
.carbon content. Becausa of fuel variability, some plants rotitinely sample each 
railcar of cotjl for analysis^,^___^' ^ x 

^ *A typical "as-refeived." proximate analysis' is given in Table* 9-3. 

^ ' Table 9-S. Proximate analysis— as received (6) 

1 ^ . ' ' Percent by weight 



Fixed carbon ^ 75.26 

Volatid matter ^ 17.91 

Moisture ^ • 3.10 

Ash 3.73 

, JOO.OO 



r 



The moistufe of the prokimate analysis the ".free moisture," and will vary accord 
ing to how the coal is handled. An ultimate a»&lysis of the sam^fuel is jiven in 
Table 9-4. ' ' ' ^ 
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T*ble 9-4.1) Uimiitc; annlytis — »» rrceived (6). 



Carbon 
• Hydrogen 
^Oxygtn- 
Sulfur 
Nitrogen 
f Ash 



. Percent by weight 

84.02 
4.50 
6 O'S 

1 17 

3.75 



100,00 ' 



As m e ntioned earli<;r, the data provided by the ultimate analysis are useful] in 
, computing theoretical aIFire^fuIf^ 
tion for the coal in Table 9-4 is: <,f 



-(9.1) 



theoretical ai>= 1 1 53 C + 54.54 (H^ ~—) + 4.29S 

\ 

■)^=: y .55 (.8402)+ 54. (.0450- •^~) 



, / +4.29 (0.6055) 

= 11.00 lbs. per lb. of coal 

The excess air required for this coal, would vary depending, upon the method of 
firing, but may range .from a low of 10 percent, for pulverized firing, to 60 percfit 
' for small stoker-fired units. The njlass of gas flow required in a given system can be 
determined f«r the fuel, which in turn establishes the gas vblume at a specific 
temperature and pressure. Operation with a fuel that varies from the design 
analysis may be accommodated by proper controls and training of operating per- 
sonnel. As an example, spreader stokers with a traveling grate are normally 
operated with an ash ddpth of two to four inches * An increase of coal ash content 
requires increased nm^ng speed for the grate to maintain t|ie same ash thickness. 
This is consistent with the need to feed more coal to acliieve a desired energy 
release rate. Air-flbw adjustment must also be in proper proportion to insure good 
btfming. / ■ • 

There arc other characteristics of coal which influence the design and operation 
of firing equipment. Among these are: ash fusion temperature, free-swelling index, 
and grindability. Grindability reflects the relative ease with which coal can be 
ground. The frce*swelling index and ash fusion temperature are impcyrtant 
indicators of 4hc behavior ofsthe ash under different conditions. For burning on 
grates/ the fre^Welling index is important,, since it js a measure of ash's tendency 
to agglomerate or cake. For systems where the grates have no motion to break up- 



ilie ctUsSt, a liet^-swcllinj^ mkU'x ot livr oi Uws is iuhcIchI. A:.h lu:>ioii itinpci aiuM' 
must be high enough lo prevent molten ash IVomtonning < hnkiris in the ^ ase^>^ 
grate units, or from adhering to heal exc hange sm laees in«f)ulveri/ing units. 
Cydone furnace or wei bottom f urnaces requHij^ ash fusion temperatures liiglj 
enough to i^suie good operation. ^ 

Methods of Firing 

A large variety ot mechanical stoker's has been developed for burning coal. The 
op^*rating principles vary in terms of bow the coal is introduced into the furnace. 
Feeding can take place from below, from above, or by broadcasting onto a grate 
Eac^li of these feeding methods has considerable innuen< e uj^on tlie^nlesign of^he 
furnace, boiler, and associated subsysteips. 

Stokers tend to fall into on^ of the categories given in.Table 9 5; then steam- 
generating capacities fall in the following rartges: 

yna cr f ec d -S<>.000^4bs/4^|OF W ? ^ ^: - 

Spreader- 75.000 Ibs/hr To 400.000 Ibs/hr 
Vibrating- 50.000 Ibs/hr to 200,000 Ibs/hr 

' Table 9-5. Stoker types and energy rate. 





* 

Type y ^ 


Energy rate 
Btu/ft2 hr. 




Underfeed — single retort 


400,000 max 




Underfeed — multiple retort 


600.000 max 




Chain and traveling grate 


300.000 - 500.000 




Spreader — dump grate 


250.000 




—^Traveling with cominuous - 
ash discharge , 4 


750.0^0 max 




Vibrating grate 

* . ■ ^ — ' ' 


400.000 max 
1 — . ■ — 7 ' 



spreader stokers are niore com^pnly found in existing njiits than are vibrating , 
grate systems, l?ulverized-fircd units are becoming more comipon for 100,000 Ib/hr 
or greater capacity. This trend is due to the cost of stoker coal, compared to co^l 
suitable for pulverizers, Stoker coal is usually low ash. preferably less than 10 p^r-' 
cent with vplatilfc matter from 5 to 20 percent and a size consist range between V4" 
and 1.5". Coal for pulverized firing can be run-of-mine with ash content to 30 per- 
cent. Prior to the fall of 1973 the price, per 10^ Btu for stoker coal was con- 
siderably greater thin run-of-mine coal. Prices for both types of coal'are variable, 
and it is not possible ta state a cost differential at' this time. Also note that demand 
for low-sulfur coal exceeds supply to tlje extenjt that usual quality control at the ' 
mine has deteriorated. , t 

^ ' For a given energy input, Table 9-5 may be used to establish the ^rate area 
required. This is iHustVated by a^uming a spreader stoker fired unit with a travel- 
ing grate which must produce lO^ Btu/hr from burning coal witfii a HHV of 



9-5 



i9B 



26 X 10^ Btu/ion. The HIIV ol 2(> X lO^ "Btu/ton- is eqiiivaloiii lo \\M)0 H(u \h. 
•which is a good quality coal that could be fired ai ihe maxiuuim laie of 7r)0.0()() 
Btu/hi ft"'^ in Table 9 5. I hereloie, the area needed is: 

l .S.S X 10^ li^, and the lecd raie 

.75 X 10^ Btu/ft'^ hy ; , • ' 



108 



7 



is: 



.26 X 108 



- 3.85 Tori/hr 



V 



^ The net grate area establishes the furnace cross section, since the grate is usually 
designed with a length approximately 1.2 x width*. The energy release per unit 
volume for burning coal is about SO.OQO Btu/hr ft^. Utilizing data from the exam 
_.__^e^j]l?J[yjfnace_v()lu be given by: 







\O^Btu/hr 



= 3. 33*4403 = 3330 //3 



30,000 Biu/hrft^ 

This dimension, coupled with area previously calculated, would^result in a furnace 
about 25 feet high.- 

'Table 9-6 summarizes the volumetric energy release rates normally employed in * 
coal-bQrning systems. ' ^ ' ' • ^ 



Table 9-6. He«t releaie ratet — design valuei. 



L^— ' 1 


Btu/hr per cu. ft. 


Pulvcrjzcd coal 

Stokers — continuous ash removal 
Stokers -dump or stationary 


20.000 to 30.000 
30.000 to 35.000 
(15!(J00 to 25.000 



Mechanical stokers universally require coals with ash. fusion tcmpertture high- 
enough to prevent molten ash formation on grates. Cyclone coal^furnaces, shown in 
Attihment 9-1, on' the oth^, hand, are-designed to operate with the ash in rnoltcn 
slag condition. Thesfc units are usually fired with' coal that has been ground flrt< 
enough to pass thti&ugh a "No: 4" screen. Coal is fed jnto one end of a cylindrical 
furnace and air is admftted tangentially. Gases therefore rotate as they flow dow^ 
^through tht water-cooled furnace structure. The ash reaches fluidity temperature 
and flows through the furnace as a molten slag. Slag temperatures range from 
2,500 to 3,000®F. Energy release rates for these furnaces range between 450,000 to' 
800,000 Btu/ftS. Large steam generators may employ two or more of these fur- 
nace>. A signiricant characteristic of this firing method is very low fly ash entrain- • 
ment, a definite advantage for particulate emission control. Cyclone furnaces are 
no longer being biiih due to high NOx emissions. 



Air Supply and Disd ihutioh * x 

I he determination of combustion air has hern previously ^pi>*');enir<l: hut questions 
remain about how and Where the air should he introduced. ResoUition of (hese 
questions depends upon the type of firing and rank of (oal. Lower design values, as 
specified for heat release rates given in Table 9 (i^apply to Knvei rank coals Wliere 
the air uf^to be introduced is influenced by the method of tning and the amouiu of 
volatil^^ mat'ter. Underfeed retort stokers usually require very little overfire ai^. 

• regardless of the type of fuel fired, rhi! can be explained by exaryiining 
Attachments^ and 9 3^. The/fcoal re<ort is normally the region in which green" 
coal undergoes distillation as i( moves up through the fuel bed. Volatile gases How 
upward througb burning carbon region and as they flow, air from the tuyeres 
pr<!fvides good mixing.^ and therefore good burning. Since gaseous hydrocarbons 
which may leave the fuel bed are. well mixed with air. additional air is not required 
either for turbulence gr to maintain proper oxidation. 

NTechanical stokers which employ overfeed or spre^ader feed represent a'^^Hffrrent 

problem, bo th with respect to exc ess air an d air distribution^ Underfeed stoker^ 

would employ 50 to 60 percent exce^^ir with all entering as underfire air. 
Overfeed units, such as the chain-grate stoker shown 'in Attachment 9-4. require 
son^e overfire air in addition to a. controlled air flovsf along the grate itself. The 
chain grate unit operates with coal fed from the gate which maintains a '5*' to 7" 
^ fuel bed thickness, with ignition occuring downstream of the gate. Ignition ^ro; 
gre&es from the top surface down as the coal moves from left td right. Gases which 
evolve as the coal is heated leave this fuel bed nearjthe feed end. Th<?refore. air . 
must be added from abov^ to provide the rteeded dlygen and turbulence for oxida- 
tion oT the con(ibus\ible gases. Depending upon the coal's volatility, overfire aii\can 
be as much ts 20 percent of the total air supplied. Excess air ranges from 25 to 50 
> percent, depending up^on coal rank and upon size consist. Overfire air is normally 
supplied from a booster fan system as seen in Attachments 9-6 and 9-7. rather than 
from a force^draft sj^stem. / 

V . jJnderfire air mu^t be regulated to^provide greatest flow where coal ignites and ^ 
aloHjg the region where fixed carbon burns in residence. Since ^rate sections are all 

y alike, underfire air flow is regulated by controls in each compartment. 

The vibrating grate stoktr, Attachment 9-6. represents another variation. Here 
the ash end of the grate i^)[)elow a low arch which causes air flow through the bed 
to move back into the mami'feimacc region. The low arV:h tends to radiate ehergy 

V back to the fuel bed, thus helping to keep temperature* up and ensure good burn- 
oiit. Arches of this type would be used with low volatile matter coals and will be 

• found in chain or traveling ^ate units where such coals are burned (see 
Appendix 9-1 )F: Y 

. The spreader stoker-travtliiig grate unit illustrated in Attachment 9-7 ireprcscnts 
stiy akother variation. In these uiirS the sprea<Jhpr distributes coal by broadcasting 
" it from front to back. Large pieces go to the rear, fin^ bum in suspension. Here 

oycrfire air must be provided at the >ack and fronfi the sides as well jets are 
sometimes placed neat the .spreaders to prevent fines ^rom piling locally. Suspen- 
sion burning also results in carboA carryover, part of which noVmally settles out in 
. one or more gas pass regions the boiler. This partici\jiate is reinjected with the 
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ovcrfire air, again rising a separate forced draft fan to supply the needed air at 
high enough pressure to operate the reinjection arrangement. Spreader stokers were 
quite popular in the past since they were able to handle a wide variety of coals and 
were suitable for {[team generators with capacities to 400,000 lbs. of steam per 
hour. They do require a consist ranging from >4" to 1 ^" equivalent round hole 
with no more than 10 percent passing a V4 mesh screen. Consist of V4" to is 
even better, but coal costs are higher when closer size-consist control is specified. 
Cost and availability of good stoker coals has caused a shift to pulverized coal firing 
in recent years for units as small as 100,000 lbs. per hour steam capacity. Pul- 
verized coal burning can be accomplished using run-of-the-mine consist coal, "with 
ash cohteiif to 2d or even 30 percent. Mechanical stokers usually do not operate 
properly with high ash content coal. One other area of difficulty with spreader 
stokers occurs when the unit is operating at light loads (less than 25 percent). 
When loads .^are small,' it becomes difficult to maintain a proper futf! bed on the 
grate*. 



Air distribution in pulverized fired coal burners (see Attaichment 9-8) is divided 
between primary and secondary air. Primary air is used to transport coal from the . 
pulverizer* to the burners. About 2 lbs. of air per lb. of coal is required- Transport 
velocities are typically 40Q0 to 5000 fpm with 3000 fpm a minimum. Secondary air 
is usually introduced at the burners, but can be introduced at other, locations in 
.the furnace. 

Cyclone furnaces tlltrodufte approximately 20 percent of the required combustion 
air with the coal feed to the burner. Secondary air is admitted tangentially into the. 
main barrel of the furnace. A small amount of air, up to 5 percent, can be admit 
ted at the center of the radial burner. w 

In general, coal -fired stpam generators will smoke when air quantity is inade- ^ 
quate, or when the air is improperly distributed, or when too much excess air is 
used. Improper distribution can be caused by fajilty control, or by improper fuel 
herd conditions whcte burning occurs on grates with poor air distribution through 
the fuel bed. This condition can be ca:uscd by a too-deep or non-uniform fuel bed, 
or by low ashr fusion temperature. Ash fusioh gives rise to air flow pattern distor- 
tion, srfice it causes clinkers or crusts to form through which aif cannot flow. Nor- 
mally this problem can be spotted visualiy^by the boiler operator, and the clinkers 
can then be removed. A good coal fire has a bright yellow-orange flame with 
slightly hazy tips. A whitish or "cold" -rpoking. fire probably has too much air. Pro- 
per combustion contrdl requires' either a CO 2 or O2 flue gas monitor. The O2 
meter^is preferable where several fuels can be fired, generally, CO2 should range 
from 10 to 13 perc<?)nt in. flue gas from stoker-fired units and from 13 to 15 percent 
for pulverized units; O2 content ranges from 2 to 8 percent, depending on ^he type 
of nriiijg. , 

Air Pollution Gonsideratioiii 

Aal combustion is responsible for a significant fraction of the annual SO^ a!fd 
particulate inventory. SOx control can be accomplished by either preventidh or 
abatement. Prevention requires either a priori removjil of sulfur from coal or 



limitirig ((jals liiril io {\\osr wiih v<mv Iovv suHm toniciu \'clv |)i oi).il)Iv. I)(>(h 
proaches will be needed if the jj^iion s energy neeils aie^io be adequately nie(, a( 
least in the next decade or so. ^ 

A short'term solution which seems to be available is the use of low sulfur western 
coal as a replacement" for high sulfur eastern coaL Such ^oal can theoreti< ally he 
transported by pipeline or rail or both. Unfortunately, as is so often true of a |)ar 
' ticular technology, boilers designed for eastern coal do not thrive on a diet of 
western coal. The difficulty arises from the fuel properties: high inhe^eiu moisture 
conte^it^ lower calorific value, and foulTng characteristics 

Sub-bituminqus coal found in parts of Wyoming and Montana contain 20 to 80 
percent moisture wfttLh is inherent in the coal. I bis moisture is part of tjie coal s 
Hixed carbon conterTT. Thj: resulting lower boating value is further aggravated by 
the energy needed to vaporize the moisture. The cond)ined effect of these tv^o 
variables is a reduced flame temperature, which meaiis reducep radiant energy 
transfer to the furnace walls. 

In additio^, the vapor present has a Higher specific heat than other constituent 
gases which raises the flue gas speciffc h^at. This is shown by the basic thermo- 
dynamic relationship: 



where Cp^ is the molal specific heat of a mixture of r gases, and and Cpi are 
thcftnole fractions and specific heats of the i-th component, respectively. This 
increase in specific hjjat, coupled with lower heat utilization in the furnace (see 
Chapter 4) causes high heat transfer, with high temperatures in the convective 
superheaters, because the attetnperator control range is exceeded. Reduced- 
capacity operation is therefore often necessary. 

The reduced energy content means ^fnorc; coal must be used for a given output, 
thus increasing storage, handling, and grinding. requirements. If calorific content >is 
low, the sulfur dioxide enxission standard "(per mission Btu) may be exceeded, 
despite the supposedly low sulfur content. Ash content may als<» be<-a significant 
burden, due to increased total quantity of coal which must be fijred. In general, 
the use of western coal is not a simple proposition. Uncontrolled emission factors; 
while not necessarily applicable to any one system, serve as a gauge for the relative 
impact of sv number of sources. 

Uncontrolled "equipment emission factors are given- in Table 1-1.2, page 5 30, 
Appendix 5-1. These factors provide estimates of the 'pollutant^ load entering the 
control "ilevice, based on the fuel's jRring rate. These d^a illustrate thaft vtficon- 
trolled particulate eijfiissions are near the^ame for large coal - fired mafits (100 x 10^ 
Btu/ljr) with the exceptl6n of the cyclone furnace. The lower par^ulates emitted 
from' is cyclone furi^ace illustrate the advantage of feeding a course grind find 
operating with molten ash. There is-a penalty, however, in the form of an 
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1 

iiu rcascd NO^ emission, Ixu aus(* ihr ojxM alion (akrs pla( ( a( sigililic aiuly ( l( va(( (i 
irmpnaluirs. Tins same siiuadon ( an srvw in slat; (op (w(M ho(i()m) pulvrii/td 
coal uniis. . . , 

^ C;:haptcrs 16 and 17 will pirsnu NO^ (oiui.o! dicoiy and (wpcMiiMuc Aw 

((onomif "siaic ot^the art" has noi yoi tvolvVd. Howrvci . (wo km hni^pu K ruiicndv ' 
iTcciving major aiieniion ar< : excess air conirol and siai^ed Hrinj^^ Kliie gas recn 
culation, which is effective in controUing NO\ from gas (omhu^ition. is much Uvss 
effective withjc:oal combustion. It is difficuU to predict which of several techni(jues 
will emerge as mont* practical and useful. The amoimt of NO^ control which is 
requirrd and economics will both play a large part in this piciurr. Expensive 
may very well serve io accelerate the development of better coal pollution control 
methods. ^ ^ 

At the present time, electrostatic pi^^cipitators and wet scrubbers appear to be 
the acceptable^ methods to control particulale^and SOx emissions from relativtMy 
large sources. Concern about the emissions of fine particulates may resuh in 
increased use of baghouses. ^ 
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Attachment 9-2. Single retXrt undertccd stokcr^^ 
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Attachnfienb9-3. Section thru utiderf<*ed stoker-^ 
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Attachment 9-4. 
Chain grate stoker^. 



Attachment 9-5. Oiain grate 



fired steam generator^. 
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Attachme^9-6. Vibrating grate stoker^ 
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Attachment 9-7. Spreader stoker traveling grate unit2 
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Attac hni^'nt 9-8, Pulvc l i/cil c oal hui iu r^^ 
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CORROSION AND DEPOSITS FROM COMBUST>ION GASES 



William 1\ Reid* 



A rough estimate a few years ago by the 
^orrosion and Deposits Committee of ASME 
placed the diret:t out*- of- pocket costs of ex- 
ternal corrosion knd d^P^||^« in boiler fur- 
nae\cs at leveraUBiUicm ooaara a year. It 
ii diffioult to pinj^int costs directly, but 
certainly the unscheduled shut*-down of a ^ 
lai^ge steam generator through failure of a 
superheater element can be an e3q:>ensi\re 
* cfperation. Crossley of CEGB in England 
estimates ,that an outage of a 5^0-megawatt. 
unirJTor one week costi $300, 000. Hence 
extensive «^brts have iieen made )n this 
country and abcpad to learn more about the 
factors that lead to met^l v^astage ax\d de- 
posits and how to control them in combustors 
of all kinds. 

Of the fuels being^ used for central- station 
power plants, only natural g%s ia free from 
the ^impurities'* that cause these prtiblems. 
Ash in coal and in fuel oil «hd the presence % ' 
of sulYur lead to k wide variety of difficultielQj^ 
In boilers, deposits form within thcl furnace, 
on the superhea^r and reheater elements, 
in the economizer, and ih tht air heati^r*. 
In gas turbines, combustor ^problems are not ' 
sOHievei^e, blit deposits ofi turbine blading 
can be disastrous. 



c ■ • . 

With the recent trend to larger and larger 
steam generators^ eveii up to 1130 megawatts, 
the importance of eliminating such outages 
grows in importance. This ia the- reason 
mainly, why so much attention has been 
paid recently to investigating the causes of 
corrosion and deposits, and to seeking 
corrective measures. 
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URITIES IN FUELS 



Although deposits fnay be objectionable in 
themselves, as thermal Inpt^Lators or flow 
obstructors, usually it is the cofraston con- 
ditions accompanying deposits t^t cause'^the 
greatest cmoeem. This has been particularly 
true in bo^er furnaces. Here, deposits 
interfere with heat trfnsf^r and gas move*^ 
ment^ but these can be compensated in part " 
by engineering design^^ On the other hand» 
corrosiofi beneath such deposits can cause 
rapid m^tal wastiige, forcing unscheduled 
outages for replacement of wall tubes or 
superheater elements. 



V 



Althou^ natural gas, with its low sulfur • 
content an(i|(coqiplete freedom from meUllic 
elements, is the only fUel not causing 
troubles with ^corrosion and deposits, *ts 
availability and cost limit its use for steamy 
electric plants to geographical areas where 
gas is less expensive than other fuels on a 
Btu basis. Thus, despite its freedom fi^om 
corrosion and deposits, natural gas is the 
source of energy for only a fifth of the 
electricity generated in this country. It is 
important to rg alize, then, that although 
corrosion and deposits are indeed trouble- 
some in the operation of stfam-electric 
plants, it iM only one of niany factors\Uiat 
play an important role in selecting a fu« | 
or designing a power plai)|l to^ operkte at 
V -minimum cost. ^ 

Ai, , . . i ■ 

Residual fue^. which provides the energy 
for about 6 percent of our gedln^ated - 
electricity^ usually conUlns aEUhe impuri- 
Uea preaaht in the original crude>all. Of 
theae. sodium,, vanadium, and sulfMr are ^ 
most trmiblesome. Typical llmiU for these 
Impurities are. for sodium, 2 to 300 ppm in 
risidual fuel, or about 0. l to 30 percifnt 
Na20 in the ash; for vai^adittiil. 0 to about 
500 ppm in residual fuel, or 0 to 4Q percent 
V2;05 in the ash; and for sulfur, ^up to 4 per- 
cent in rei^dual fuel, with a maximum of 
40 percent SO3 appearing in oU ash depending 
upon the method of ashing. 



*S«nior Fellow. QatteULe Memorial Institute, Columbus. 
Obio« Presented at the Residtntlal Course on Combuntion 
T#<:hn6l08y, P«^no«ylvvU« State Univtrsity, 1966. 



with coal, which furhUha* mort than half 
of the energy converted into electricity, tijf 
impurltiea conelat mainly of Si02. AI2O*, 
Fe203, 9aO» MgO, the alkaliea. and, of 
coura^, Btt^ir. The range of theae aah 
conaUtuenU^rlea widely, and they ipay 
exlat in many mineralogical forma Ip the 
"original coal. Sulfur may be i^reaent even 
up to 6 percentTtt ^Qme commercial coala, 
but the aulfur content uaually la l>elow 4 
percent,. SuUur il>etalhed In coal aah aa SO3 
ranges up to about 35 percent, depending 
upon the method of aj^ng the amount 
of CaO and MgO In the aah. In coal-aah 
•lags It Is seldom more than 01 1 percent. 
Chlorine Is frequently blamed for corroalon 
with English coala In. which It occur a up to 
1 percent: it seldom exceeds 0. 3 percent In 
American coais, and-lt uaually la leaa thart 
(jf 1 percent. Becauae leaa than 0. S-p«rcent 
chlorine in coaNioea not cauae problema 
through corVosldn and dapoaita, chlorine in 
A merman coala generally may be negfectad 
aa a aource of ^ift>le. Phoaphorua, which 
occura up to about 1 percent aa P20< in coal 
aah, waa a frequent aource of depoafta when 
coal waa bumet^'on gratea. WlthpulverUed- 
coal firing, however. It ia^aeldom held 
reaponaible for fouling. 

PROPERTIES OF COAL AND OIL ASHES 
Coal A»h 



Moat of the aarUar atudiaa of coal aah 
ware aimed at cUhkering problama In 

*ft»alb«l8. Latar. ^tudly of aah w»pa 
coocem«d with the unlqaa probUina hi-, > 
volvad with ilaf^t^pulvarl«td-coal- 
fira<l boUtif lUnwcaa, AihdapoalU. 
con»SiXig oa htaj-raeahriBf attrthoaa, 
caliaa no and of trouhla boeaoaa thfj 
hitarfar« with htat trmf*r. hi tM 
eonkhttstiaii ohaihlMr. partionlnrlar la 

t pttlvari«ad-coal-flr*«l'ilnrt«? Wniwaa, 
tha Ujm of atog nra fluia w4 o«t tarn 
much of ttw hant-raeaivlaf attrfiMf t • 

bi dry^Attom Itarniioaa* <>fpo«itn 

thnt oomltact 10 corar ^ to 
irragulpr pAtttrni. 




passing through superheaters and re- 
heaters In either type of ftirnace. adherent' 
ash deposits sometimes become so ex- 
tensive aa to block gaa flow. In air 
heaters, aah accumulaUona again can be 
troublesome. 

Tbie flow properties of coal- aah slags 
were investigated extenalvely in this 
country nearly thf ee decadea ago when 
aUg-Up furnaces were still quite new. . 
Mora racantly, thoae early data have been 
rechackad and affirmed in England. Al- 
though coa; aah mak^l up a 6- component 
ayatem, it haa been found poasible to 
combine compoalUonal varUblea ao aa to 
provide a reUUvely aimple reUtionahlp 
between vlacoalQr, ^njp*™**^*- 
compoaition. It haa been foutfd. for 
exampM. that aia g viacoalty above the 
llhul dua temperature can be relate d 
imlQuely to the "aillca percenUge of 
the aiag, where 



Silica percenUge • 

H*ra SlOa. FeaOs. CaO, and Mg9;«'0pr«- 
aant tha parcentage of these matetHnlt hi 
the malt. Thia ralationahlp waa ftMind io 
hold for widely w^filNt ^ ''•a^S . 
to C«0 ♦ MfO and to bei almost complttaly 
hMla^andant of tha AIi<>s cdntaatl Tha 
raUtlonahijp. adnUttitdly an ampirleal 
oS, can ba simpUfiad atlU>rthar to/ 
, tha form 

log (n - I) ■ 0. <>•• <**Oa parqanti^) - 

whara n U tl^ ^coal^ to pbiaas aK'8600 
F. A much mora alnbprata traatmant of 
thto raUUonahip w«|i ona bf tha naaful ^ 
rasnlta of tha racant work hi Kngland. 

Tha rata of chaafa of vlseosltgr Wii& 
tomparatura atooi to rahitlTaly otinpto; ' 
of tha form , 

^-0.1614 ,(4.5ixi0":*t)- B 



it 

Cor ro»loo and Pe poaiU From Combu t tiQn_ Ga a; 



where n ia the vUcosity Inimisei at 
temperature t in degrees F» and B la 
a cohatant fixed for each slag. The vis- 
cosity at 2600 P can be inserted in this 
equation to determine B» after which the 
vlsobsity of the slag can be calculated 
for^ther temperatures. Again, the 
Briush have worked oUt a more elaborate 
buVeqiiaUy empirical r^l^tiooship. 




At some point when coal-ash are cooled, 
a solid phase separates which radically 
affects viscosity by changing the flow 
ftom Newtonian tp pseudoplastic. Re- 
lated to the liquidus tenqi^erature. tlfts 
is known as the "tempemture of critical 
viscosity** (T^y) for coal*ash slags. At 
this pointy important changes occur in 
flow behavior^ and the alag may no 
longer deforth under gravitational forces. 
This, in turn, greatly affects the thick- 
ness of slag that can accumulate on the 
'^furnace wfUs, the thickness being 
greater as T^^ is Jilgber and as &e ||f ew- 
Ionian viscosity is greater, all other 
fsctors being constant* 



^ « 



Th« ttmp«i«tur«''at which 1|hit pseudo- 
plastic behavior bsgins is rsUted to 
cdmpositioli In s most compUcatcd fashion. 
No such sinq>U r«lationsh4> as tht silica 
P«re«nt«g« ^% baan found to ftppty to ' ^ 
T^y, which ii alaq afftctad by «uch tiactora 
as tha rata of cooling of fluid slaf . For , 
tha praaant, it Is anough to know that thia 
la an InqMrtant fkctor In fixing tha thick- 
n«aa of slag on haatoracf iVing aurfacaa* 
particularly whara^ttia tamparmtura of . 
tha al^g la w*U baloV4^00 Tha 
ralationshlps bar* batwaan slag aceumu- 
lAtloo, eCNil-aah proptrtiaa. and fUmaca 
conditlooa tr« axtraordlniM'Uy eomplax, 
at laast a desaa paramatara baSg in« 
volvad« Llttl* uaa has baan niiUla of thia 
analyal9« Urf*ly bacauaa is not 
rilatirt illpplj th compobitloa and may' 
hava to jb^^tarmlnad axparlmantally for 
•teb alag compoaitiiaib. 
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Poeglbly btoAuge Vt^p agh content pf 
reaidusl faelf ^seldom if greater ttum 0, 9^ 



rcent, exceedingly low compared with 
coalt the propertiee of oU ash have not 
been investigated systematically. Sili- 
cate minerals in crude oil vary much 
more widely than in coal ash, and AI2O3 
and Pe203 also cover broad limite. 
Alkalies may be high in residual fuel, 
often because ol^contemination in refining 
the crude oil, or in handling. Seawater, 
unavoidably present in bunkering, is a 
combmpn contemlnant in. residual fiiel. 
Sulfur ocetif s in oil in a wide variety of 
forms rnging front elemental sulfur to 
such complexes as thiophene add ite 
homology les.^ 

The uniqueness of most oil ashes is that 
they cootein/ in addition to extraneous f 
materials, metallic complexes of iron, 
nickel, and vanadium present as oil- 
soluble organometallic compounds, '^hese 
are frequently porphyrin^ ty^ complexes, 
so steble that temperatures in excess of 
800 P vsually ai^ necessary to dissociate 
them.. As a result* they are difficult to 
remove from fUel oil economically. An^ 
undescribed scheifie for removing essen«* 
tially all the nickel and vanadium firom 
residual ftael et a coet as low as 18< a 
barrel waa mentiofied at the lyiarchwood 
Conference in IMS; 1t>ut the schenCe has 
not be«n applied comnnercially as yet* n 
tlsually«4««rater«*washing and centrifuglni 
are ttie only procedure* economically ^ 
poesible for i4>grading low^cost residual 

during eombuation, all thaaa complaxaa 
/4ra daatrograd* probably libaratlttg tha 
matala aa oxidai. With vanidium, for , 
axanpla. thara laaama to b« a prograf Miva 
oxidation from V2O3 to V1O4, and aran- 
tually with anough axcaaa air to Vg05. 
Tha malting point and vapor |iraaaura of 
thaaa oxidaa vary widaly, with tha f'( 
dttcad forma having a hl^r malting 
point thin tha oxidiiad matariaL At tha " 
high tan^raturaa In fUkmaa, thara la a 
ftirttfir tandanoy to produea a whola 
aariaa of vanadalaa* of which aodium 
vanadjrl vimadata. 19a20V204 • BV2O3, 
' la typical. Maltiifig pplata vary widaly 
too, baing only 1157 P for thia eorapmmd. 



HQticr tt ll a liquid at the temperature 
of superheater elemenU, thereby adding 
to its aggroaaivencas in causing corroaion. 

The fusion characteristics of oil ash are 
poorly known. Cone fuaion and other 
arbitrary achamea such aa hot- stage 
microscofMca have bctn «aed to chfccli on 
the melting charactcriatica of oU aahea. 
but no ayyteniatic InvcatigaUon baa been 
made as with coal aah. 



EXTERNAL CORROSION 

Tube waatagc flrat poacd seripua problema 
in boUer maintenance beginning about 1942, 
when a sudden raah of <>r»U-tube fallur^^^ 
^lag-tap fumace^wM traced to external 
loaa of jffetal. In tha worat caaea. tubea 
failed 4(ithln three moniiu of installaUocu 
Meaaur^kmenta of tube w»)l^Ump«rature 
ahowad that the tuba mat*l was not over- 
heated, typical maximum wall tamparatura 
being 700 F. Haat tranafy *lfO waa nominal. 
The only unuaual conditido waa that aome 
flam* impinil«m«iit apptai'Sa^ely in tha 
alTectad a^aaa. ' , ^ 

s 

It waa aooo found that an "anaroal" waa 
praaent btnaath tha aUg Uyar wharf 
corroaioii had occurred. ThU Vnatarlal, 
which waa fbundto thin ©akaa aAartof 
tifhtly to tha tuba waU/ raaamblad a flrad- 
BOKalain coatlBf wlthAtraaiOah blua to pala 
blua color. Tbaaa nak|^ of anamal wara 
modarafealar «»lubla in watar . . fWlpjia 
•oluliOB wltfa pH aa low aa 3. 0. Thjr alao 
eobtalnad larga amounia bf Na|0, K2O, 
FeaOs. •bA aOm. and wara obvloualy « 
coi&pUx •ttUliifca. FoUowtaf cooaldarabla 
work Ite Uboratonr. tha 'Wmal' waa 
fUttiW Idantinad aa Kmr9iSO^)y Tbara^ ia 
a corraapowUiif ao^lum aalt. aa w^aa a 
•oliil iolutlon of thaaa aoditim and potaaainm 
troo trlaullhtaa. , 

AlkaU farrlc triaultotaa wara f^rtnad by 

^tcttOD 01.803 ^^ ^•^'^f^'^Jj^^ 
or Ma«a04» or wtlh ml«M alkgll buUktaa. 
At IoIJdif! at laaat ttO ppmtO^U 9«cat«ar7 



Ibr tbt tHauUbtta to fornu^M ^ 
tttfa, «l«i«b*r tba alkaU ablll|^a bor tha 



Fe20.i alone wUl react with thia coAccntra- 
tion of SO3. Only whcniboth the suUaten 
and FeoO. are prcaent w^ll the reaction 
occur. The triaulfateB distioclate rapidly 
at higher temperatures unlcsa the SOj 
concentrWon in the surroundings is 
increaaiW. QuanUUUve daU arc few. but 
it appear a that the concentration of SO3 
required to prevent diaaoctation of the tri- 
aulfatea at 1200 F to 1300 F. as would be 
the caae on auparheater elements . greatly 
exceeda any obaerved SO3 levela in the gaa 
phaae. Accordingly, tome unique but aa y«t 
unexplained acUon must go on beneath auper- 
heatar depoaita that can provide the equiva- 
lent of. perhapa. aever^ thouaand ppm of 
SO3 in the gaa phase. Lacldng any better 
explanation for the Ume being, "catalyaii 
la uauaily blamed. 

Tl^E IMPORTANCE OF SO3 

Any dlacuaaloo of external' corroaion and 
dapoaits in boUara and gaa turbinea would 
be maninglaaa without reference to the 
occurranca of SO3 in combuaUoo gaaaa. 
Many inv^atigatora. both in the Uboratory 
and in the flald. have atudiad tha condltiona 
under which SO, ia formed, on tha baaia that 
SOm it a major actor both in hlgh- 
Umparaturw corroaion and in low^temptratur 
' corToaioi» and dapoaiU. Thaaa atodiaa 
have baan goinf 00 for mora than SO yaara. 

tha raaacna ara not difficult to aUta. 
tha hot and of coal*flrad aquiproant - fUmaca- 
wall tobis and auparbaatar alamanta, for 
•xan^ - dapoaita takan ficom araaa wher^ 
corroaion baa occurrad invariably contain 
appracibbla quanUttaa of auUat^s« aoma* 
tlmaa aa mncb aa SOparcant raportad aa 
80a. Slag layara ftom tha high- tamparatura 
tona of oU-firad bo^lara alao contain SO3* 
typically from as to 46 percent raportad aa 
Na-SO^. to tha 1M» patUUa raport to 

dapoaita wbara thara waa mora tbin 19 
perfsant 8O3 in tha djtposit. 

Aa haa alraady baan n^tad. tha alkaU iron 
triaulfbtAa cannot axlat at 1000 F unlaaa at 
laaat 250 ppm of 8O3 U pratant In tha 
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Burroundjng ttmosphcro^ or the equivalent 
SO J level it provld< d Mome other way. At 
ilghcr temporaturcH, even more SO3 must 
be present if these compounds are to form. 
In the abnencc of SO^* the trisulfates could 
^ not be produced and corrosion would not 
Occur. 

Bonding of ash to superheater tubes 
frequently attributed to a laye;r of alkalies 
that conckenji^8|t>n the metal wall and serves 
as the aq^nt to attach the ash to the tube. 
Further buildup of ash deposits, however, 
depwdii on some other mechanism. Otoe 
explanation with fuels such as.some subbi- 
tuminous coals, lignite, and brown coal 
containing Urge quantities of CaO in the ash 
is that CaSOf la formed. This substance, 
well distributed In the ash daposit, is con-* 
«8idered by many investigators to be the 
matrix material that bonds the whole deposit 
tol^ethlfrr into a coherent mass. Al^ugh 
CaSO^ might be formed. when CsO reacts ^ 
with SO;2 seems mdre reasonable 

to expect that SO3 is responsible. 

At low temperatures, as in air heaters, there 
is no question but tha^ SO3 is *the^ major 
offender/ It combines with alkalies to plug 
air* heater pasjsages, and if the metal 
temperature is below the dewpoint, H2SO4 
formed from SO3 condenses as a liquid film 
on the metal surfaces to cause serious 
corrosioiu Acid stouts, where carbon 
particles are saturated with this H2SO^, also 
depend on the presence of SO3T 

^hese are tt^ reasons why the formation of 
SO3 has been given so much attention. In 
addition to the boilar m|uaufaaturars a$ui the 
ftiel suppliers working in their own labora- 
tories and in the field, Battelle has studied 
the production of SO3 in flames and by 
catalysis for tbe ASME Committee on 
CbrVeeioo and Deposits. This work has pro* 
vided a basic understaiyling of many of the 
thermociiemical reactions leading to 
cors^sion and deposits. 



LOW EXCESS AIR . 

♦ 

A i'evolutionary approach has been taken over 
thji past decade in Europe toward 



eliminating the formation of S03 in boUer 
furnaces fired with oil by limiting the exce^;s 
air to an absolute minimum. L*ow excess air 
see\ns to Have been proposed first in 
Englandras a means of deortrasing corrosion 
and deposits when burning reslHual fuel. 
In 1960, Glaubitz in Germany reported- 
highly favofi^ble Results burning r|;iidual , 
fuel with as little as 0. 2 percent excess 
oxygen^ By carefully metering fuel oil ^o f 
each bumeYand properly adjusting air 
shutters, he found it possible to reduce ex- 
cess oxygen to as little ^s 0. 1 percent before 
incomplete combustion became troublesome. 
By operating at t&ese low levels of excess 
air» Glaubitz was able to operate boilers on 
residual ftiel for more than 30^ 000 hours'^ 
without any corrosion and with nocleanijgig 
being required. 

Low excess air in oil-fired equipment also 
has proven satisfactory in the United States 
and is being used successfully in many large 
boiler plants. Precise metering of fUel and 
I air to each burner has proven to be less 
troui^lesome than hadbeen ex|j^cted earlKhp^cS 
and in some Jinstanceirwith |iif h fiimace 
turbulence ordinary controls nave been found 
satisfaciory. In other cases, unbumed com* 
bustibles have made ^w excess air undesir 
able. Sound principl^i guide the use^df low 
excess air, but applying these principles 
tfsefUlly is still largely a matter of Judgment 
by boiler operators^ It has been shown 
repeatf dly, however, that SO3 largely is 
eliminated, irrespective of the amount of 
sulfu|r in the fUel, when the pcoducts of 
combustion contain no more than about 0. 2 
. percent oxygen. At this level, the dewpoint 
of the flue gas can be as low as 130 F where 
the dewpoint for the moisture in Ifae flue 
m^s is^OS F. 



The important factors whereby low exc« 
^ * air is beneficial include^ in addition to a 
decrease in SO3, a limitation cm the oxida-" 
tion of vanadium^^Low excess air leads to the 
formation of V2O3 and V2O4, ^thdch have 
melting points much hi|^er than VaOs* There 
fore* tbese reduced forms of vanadium are 
considered less objectionable froni the 
standpoint of corrosion. 



* 



Corrosion mnd Dcpog Its From Combytion Ga>€M 



Work done- rffctntly in the laboratory shows 
llhat the niain benefits of low excess alr^ as 
would have been exp^ed, result from lack 
of formation of 803. %Ume studies have 
shown that stoichiometric sulfur* bearing 
flames do not show the uiual conversion of 
part of the sulfur oxides to SO3 by reacUon 

r^ith oxygen atoms. Competing reactions 
within the flame simply keep the pxygen* 
itoranivel too low. Alao,y not wnoiigh oxygen' 
Is present to convert an appreciable amount 
of SO] to SOj cat^Iytically on surfaces* The 
result isi^an SO3 level of only a few ppm with 
a correspondingly 4ow dewpolnt, minimising 
troubles througheut the boiler^ from the 
superheater through the air heater. 

Opinion at present ia that corrosioo and de- 
posits when burning residual ftael can be 



essentially eliminated by operating with 
low exc^$s air. Such procedures, presumably 
will not bo, possible with coal unless radical 
ch4inges aw made in the combustion syatem* 
In the meantime^ studies of corrosion and 
deposits continue In the search for still 
yt>etter ways of eliminating these causes of 
' increased operating expense. Factors 
involving the formation of SO3 are now undei> 
stood fairly w^U* Ths next major step wiU 
be to develop an equally good knowledge of 
the mechanism whereby the trisulfates form, 
the other co^lex metal sulfates that also 
can be produced^ and the role of vanadium. 
Me^ul6us« well- planned research in the 
laboratory and in the power plant will * • 
answer those questions as effectively as it • 
has brought us to our present level of know- 
ledge on the causes of corrbsion and deposits. 
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Chapter 10 

Solid Waste and Wood Burnii^ 



Municipal incincratiwi has been considered a last resoiWn solid waste. manage 
ment. The major pi:oblems have been: high capital cost, high operating costs, site 
selection, and a long history of objectionable environmental effects, lllunicipal 
incineration's limited acceptance has stunted its technological development in this 
country. However^^e growing shortage of suitable, available si,tes for landfdl adja- 
cent to large population cejiters has left some municipalities with no alternative. 

T« "nie "tasr rwo deca^^^^ 
development. The U.S. has imporrted European technology to help meet our own 
needs for improved hardware. Increased Juel prices, resulting from the petrdleum 
crisis of 1973. have focused new attention upon enefgy recovery from solid waste. 
One obvious Result is the increasing consideration of solid waste for boiler fuel. 
Major cities such as Montreal (1), Chicago (1. 2), and Harrisburg (3) are operating 
modern steam raising incinerators. The Union Electric Company in East St. Louis 
(4i 5) has been burning solid waste simultaneously with pujlverized coal in a power 
boiler. Their arrangement burns shredded waste in amounts of up to 10 percent of 
the total fuel fired. 

Systems which utilize pyrolysis. rather than oxidatign. are under development 
but are not yet available in large-scale units. Fluidized bed combustion is also , 
under development, both as a potential retro fit for coal-burning steam generators 
and as a source of combustion gas for gas-turbine generator systems. TWse 
innovative methods hs|ve not yet reached "state of the art" status, and long-term 
operating costs ate unknown. For this reason, discussion here will be limited to 
incinerator tyj)es currently being operated or constructed. , 

Solid wastf can be considered a futl with an average ultimate analysis, as shown 
in Table 10.1 (see Attachment 3-17). 



Table 10.1 

Average ultimate analysis of municipal watte — as received. 

s %, by weight 

Carbon 28.0 
Hydrogen 3.5 . 

Oxygen . J 22A 

Nitrogen 0.S3 
Sulfiir ' 0.16 

ilass, metal, and ashj^ 24^9 



4 



[oisture ' 20.7 
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l>u!iviaual loads ('h- daily av<Magcs at a giv<Mi site may dittcv slight Iv Im»"» talucs 
given ill l ablc 10.1. I he waste produced is a function ol 4)opulation density and 
aflluence. Communities leiul to produce between loui and sevei) pounds ol' sohd 
waste per person per day. with 4.0 to 4.5 Ih/person/dav being* a good rule ol 
thumb. An incinerator design for a particular municipality slj^^uld not he finali/ed 
without careful determination of both waste quantity ami its ultimate analysis 

Firing Properties 

I he amount of air required to burn solid waste can be computed by using the data 
provided in an ultimate analysis. Such an analysis can be calculated from the -a-s 

Foi (his example, ihe coniputaiion is: 

" Hydrogen moisture - 0.207 x =,0.023 lb H/lb waste 

Oxygen in moisture ^0.2Ql -'dm'i^(i.n4\hO/ lb waste < 

toloHiydrogen is then 3.5 + 2.3^^5.8%. and the total oxygen is \ 
22.4^18.4 = 40.8%. The ^r required for comlaustion "as received" is computed by 
using sEqi^ation 9.V. 

^f=:11.5SC + 54.34{H2- ^) +4.29 5 « 
= 11.53 (.28)+ 34.34 (.058- +0=3.47 



lb waste 



The stoichiometric air is significanlrfy less for a pound of waste thin would hp4or 
a pound of coal. Municipal solid waste contains approximately^ percent as mucft 
energy per ton as coal, and requires approximately 35 percerft as much aif if fired 
"as received " Therefore, if one computes the air requirement on an energy-content 
basis the air requirements arc^ similar. Since it is possible to remove glass and 
metal from the waste by shredding and air-separation techniques (7,8). the energy 
content per pound of waste fired c^n be improved considerably. 

Site Gonsiderations 

A primary problem in any waste management program is site selection. This 
involves |^blic acceptance and careful systems engineering. The site -chosen should' 
attempt to minimize the total trucking costs, which include the removal of 
incinerator f^sidue. In order to limit transportation cost, waste may be processed to 
remove metal and glass. This usually increases original waste of 300 Ib/yd^ density 
to around 700 Ib/yd^. This reduced transport truck volmne should permit plan 
ning of collection and processirtg to minimize the nuijjJ^^r of collection trucks 
required. Careful systems study will insure optimal location for both the processing 
and incinerator plants. 

2lG 
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^ Plant I>r!iign Considerations 

I irlaiively small nuiiibn ot nuulrin iiu inrrators which have bvvu buiU in (his 
country in ret cmu years, c oupled with the evolution l)i new- tet hnoloj^y in Kun)})e. 
has given rise to an iflisettled "state ol the art/' Past prat tiee dictated the ne( d for 
c prini^ and secondary combustion < hanihers, il'he primary chamhei int Kided a so 
called "drying j(x)ne'' where volatile materials were jk^asitied an<l then dnetK^d nuo 
the secondary chamber to complete the oxidation. Wifth the primary chambei 
operating on a large batch fed basis, volitization and oxidation rales varied 
with time, causing non uniform furnace temperatures. 

A moder^i incinerator may. or may not have a secondary combustipn chamber, 
depending upon whether it is des^igned for energy recovery. Rrfuse is cX^ntiiuiously 
..^^ charged by mechanical stokers designed to produc e uniform burning: Since solid 

......... ^ . ^ . — wastr/^iow iM>t-flaw..wixcn^.a..i^ lorn away from the base of 

the pile, positive tumbhng or shearing action must be provided by tbc 5tokiug and 
feeding equipment to move waste- into the fftrnace and onto the burning grates. A 
^ wide variety of mechanical equipment has been used but, *in general, waste, is 
^ charged onto a first-stage feeder from a hopper-fed vertical or near verUoal chute. 
The hopper is usually charged by a erane-operated grapple, but it may be fed 
directly by truck or front loader. 

The feeder can be a ram whi^h sijnply pushes waste through a gate and onto a 
stoker within the furnace, or iimay be a short section of grate inclined at an angle 
/ of 20^to 30^ plated directly beneJt^i the chafging chute. Attachment 10 I 

illustrates a ram feed unit combined with a two section reciprocating stoker. 

The recipjo(^ating stoker employs alternate rows of moving and stationary sec 
tions, shown schematically in Attachment 10-2, to move the waste through the 
furnace. 

/ » ' 

Attachments 10-3 and 10-4 illustrate use of a short section of chain grate stoker 
arranged to feed waste into the furnace with a long section of chain gyrate stoker to 
provide for residence burning. ^ 

Each of the sectidns can be separately controlled to adjust feed and burning rates 
, as needed. The underfire air supply to each section is also individual controlled. A 
three-section reciprocating stoker asselftillfly is shown installed in an incineratofc, 
Attachmenf 10-6, with a water-walled furnace, at the Norfolk Navy Base, Norfolk, 
Virginia (9). ^ 

Other types of grates are employed in which sectjons may be oscillated or rolled 
* to provide a tumbling action which agitates the waste. This tumbling Action is 
. especially desppojh^^e since waste tends to burn from the upper surface down and also 
tends to mat in a manner which interferes with proper air flow. 
ye Oscillating grates and barrel grates are shown ui Attachments 10-7 (a,b). 

» " There are other types of grate assembly but alrattempt to provide a feeder sec- 
tion which also serves to begin the was^e drying, followed by one or more sections 
of ^ftte to provide for complete/refuse burnout. Multif)le-section units are usually 
j longer than they are wide, One/design, the Martin Grate (9), is wider than it, is 
long and has only 6ne section. TTjiis unit agitates the fuel bed through a ''reverse'* 
reciprbcating action. Local mouon. tends to drive the refuse up the slope of the 
. stoker assembly, thus achieving u tu.mbjing action. ' - 
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In general, the use ol cominuous ivvd lias btionu ..nmxuni mouKii u) l.r >.>n 
sidered a "standard':. configuration, and the rale of 'teed is based on an energy- 
release criterion of 300.000 Btu/hi ft''^. For a - tvpicar' waste with 5.000 Btu Ih 
energy content tl,is corresponds to a 60 Ib/hr ft^ ,i,ass feed rate. Conibuud w.tl 
energy. release design of 20.000 Btu/hi fi^ the area fac tor esiabhshcs the physu al 
volume of furnace needed for a specified type and quantity of waste. Blxample 10.1 
illustrates use of these rule of thumb. 

Example 10.1: 

Determine grate area and furnace volume required to burn 40 ton/hr of U) 
million Btu/ton solid waste: 

Energy Input Rate = 40 ton/hrX lOx 10^ Btu/tm ^ 

= 400 x\0^ Btu /hr 

\ 400 X 1 O^Btu/hr 

Grate Area Needed = ^ ^o^Btu/hrft^ 

= 1330/^2 

4 400 X lO^B/u/Ar 

Volume needed = go x lO^B/uMr/fi^ 

= 20,000 //5 

- Furnace design is influenced by a number of factors, including whether or not 
the walls are cooled, and what cooling medium is used. Uncooled refractory-wall 
incinerators usually require 200 or 400 percent excess air to prevent excessive fur 
nace temperatures which may damage th,? refractory. With air cooled walls, con- 
structed by locating tuyeres in either a silicon carbide brick or special cast iron side 
wall structure, excess air can be reduced to approximately 150 percent. Water 
cooled walls, as used in modem water- walled steam generators (Attachment 10-6) 
allow operation with only 50 percent excess air. The quantity of excess air is 
cspeciaUy relevant to air pollution control, because the TVO^ and ^otal gas to be 
handled by any cleanup technique escalates with increasing excess air^Consc- 
quently tfifsize and operating costs for fans, ducts, and air quality control devices 
become larger as excess air increases. Pumping power also increases proportion- 
ately assuming other factors remain constant. The reduced excess air requirement 
clearly explains why steam raisiiig incinerators, with water-walled furnaces are 
more desirable than either air-cooled or plain refractory-walled units- aside from 
energy recovery considerations. 

Corrosion, however, can be a significant problem in steam-raising incinerators 
where metal temperatures are above BOO^F (11). Since superheaters usually operate 
at temperatures above 700 »F, special care will be required to avoid significant 
qprrouj^n. 



Air Quality Control Considerations 

Municipal nicnieiaiois aie souiccs ol boiU j^a.scous ami pauuulau polUuu)U and 
can be indirectly responsible foi water pollution as well, since water is usfnl to 
quench residues before their removal from the incinerator. In general, residue 
quench water will be alkaline. Water from spray chambers or scrubbers will be 
acidic, as a direct consequence of the vinyl chloride ulastics found in waste. Watci 
also may be used in sprays to cool effluent gases. In wet scrubbers it is employed to 
remove both particulate and gases. Work has been done in dn operating 
incinerator (12) that indicates HCl emission increases with increasing plastic con 
tent, but that wet scrubbing can remove from 80 to 90 percent of this gaseous 
pollutant. 

Here again, there is ajn evolving **state of thc^rt," and no optimum method has 
yet* emerged. Municipal incinerator (50 T/D) standards for new sources (13) limit 
particulate emission to 0.08 gr/scf at 12 percent CO2. Electrostatic precipitators 
have been installed on new designs with the expectation that they can meet the 
standard. Electrostatic precipitators normally operate at temperatures between 
275 °F and 550 ^F. When precipitators are applied to steam-raising incinerators, 
whether of waste heat boiler type or full water-wallcd steam geij^ator design, the 
lower temperature typically is specified. Incinerators without l^eat recovery, 
however, require cooling of gases from temperatures of I.200°F to 500 °F. This is 
accomplished in one of several ways: 

1. Gas cooling through the addition of ambient air; 

2. Water sprays to cool the gases; - 

3. A combination of added air and water sprays. 

Adding air alone significantly increases physical volume, which means largeV fans 
and greater power. Water by itself can result in a water carryover to the ^ . 
precipitator. Method three usually represents a reasonable compromise. I 

Vcnturi-typ^ high-energy wet scyibbers show promise, but require considerably 
pow^r and therefore have high operating costs. Scrubber efficiencies of 99 percent 
can be achieved if a pressure drop of 40 to 50 inches of water colunm can be 
tolerated. Wet scrubbers operate with water ph as low as 1.6, which means corro- 
3ionis also a problem. Water treatment must be provided, producing additional 
first-cost and operating cost. This is not a serious disadvantage where an 
incinerator can be located near a municipal waste water treatment facility, as has 
been reported (17) — but this is^ not an arrangertient which is ordinarily possible. 
Wet scrubbers have the serious disadvantage of poor plume bouyancy. Gas leaves 
the scrubber at a temperature in the range of 165 to 175^F and forms a visible 
plume due to water vapor. The poor plume bouyancy means a short stack is unde- 
sirable. Reheating flue gases after scrubbing by employing hot unscrubbed gases is 
one possible solution to this problem, but it is one which complicates both hard- 
ware deslgn-tflSSfoperati^ Where scrubbers are added as a retrofit, this reheat 
requireitieiit can reduce furnace capacity. 

Bagliouses do not appear to be in fayor witlf designers of niodern incinerator^, 
most likely becau^ of economic reasons. 



Thv reporlea costs, both capital ami opr.a.ing. arc hiRh Rrt,a< to.y w^llr<l non 
cnrrKyV^covcry u.uts have ranged in cap.ial «,^ts from a low of Jl.OOO to a lu^h ol 
$12,000 per ton of capacity. Kneigy K covcry wait r walled un.i.s range hom 
$15 000 lor large units to $30,000 p<M ton h>, snudl (150 to ^^00 T D) stean. ra.s.ng 
units. Operating costs also show a wide variation. AlejH-nding on invnu-rato, iype. 
location and mode of operation. Where units are located within city husnuss areas 
to provide energy for municipal buildings, as in Harrisburg. Pennsylvania and 
Nashville, Tennessee, costs reflect the site choice. A ni^ern energy recovery 
inciherator is a high technology undertaking when properly designed, and can be 
expected to become more so as development contmues. \ 

Wood and Wood Wastes 

Wood and wood wastes are similar to municipal solid waste with metal, glass and 
ash removed. Noting the high pajjer content (see Attachment 3 13). this smular.ty 
is not surprising, since papers are largely cellulose - derived from wood. A com 
parison of the ultimate analysis presented in Table 10.1. with those for wood and 
wood wastes given in Attachments 3 10 and 3 11. would suggest similar air 
requirements relative to both quantity and distribution. 

The high volatile matter content of these fuels means very little of the combusti 
ble will bum on grates. Therefore, the air supply must be divided between under 
fire air and overfire air jets, and each separately controlled. Wood wastes produce 
ash different from that wUch can be expected from "white" wood because of 
handling Hogged fuel is made up of bark and nonuseful wood scraps which may 
cbntain cohsiderable di'rt and grit. Where logs are saltwater stored, bark will con 
tain considerable salt which wUl be emitted in the stack plume. 

Spreader stoker feed of either solid or wood wastes can produce higher par^ 
ticulate loading than those from the suspension b^^ming of coal. This elevated 
loading derives from the density of wood, compared with that of coal. Woods vary 
in density, with specific gravity as low as 0.1. but typicaUy 0.3 to 0.5. Because the 
settling velocity of a particle is proportional to its density, particles would cither 
settle out or be removed. Residence times for wood and solid waste r^nge from 2 to 
4 5 seconds (14). compared with 1 to 2 seconds for oil and pulverized coal. Par^ 
tides with a mean diameter on the order of one mm will not be cons«iiM m this 
time, and therefore leave as a fragment of char. Where fuel preparation Usually a 
hogging operation) produces a large fraction of particl<» in the one mm range, 
particulate loading will be greater for equipment fired by air spreaders. 

Tyiiical Wood Burning Equipment 

Wood, wood waste and solid ^aste firing arrangements are similar. Dutch ovens 
with waste heat boilers (Attachment 10-8) illustrate the use of a separate volatizing 
rdrion where fuel enters from above. Combustion air enters as pnmary air under 
grates, with secondary air entering through ports in the bridge wall at a point 
just beneath the drop-nose arch. 



\ 



10-6 

• 220 



riir f\irl rrl! ilKisiiatrd in A(M< hnK-nr 10 9 is ,i v-ni.itioi) of \\\r Dulrh oven 
dcMgn. It diltcrs in its incihod ot an intiodiu lion. A volan/mg region is siir 
rounded with an annulus through which the ovcMfirc air flows. Air is prrhraird as 
i( flows through (he i)assage way. This design does not. use separate forced drali 
fans lo supply undemre and goverfire air. 

Attachments 10 10, 10 it. and 10 12 Illustrate modern designs using inclined 
water-cooled grates and pneumatic spreaders. Note tlie use of an uncooled refrac 
tory section at the entry region of the inclined grate. This is the drying or vola 
ti/.ing zone and thi* furnace has an arch ahove it to deflect gases to the region over 
the hottest part the fuel h(;ci. In some designs arches are used at the hurnout 
end of travelling grates to n|diale energy down onto the fuel bed^t the place 
where little fuel remains^ in the ash. 
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Attachment 10-2. Schematic of reciprocating grates 
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Attachment 10-8. Dutch-ovcn-fired boiler 
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Attachment 10-10. Inrlined-j^rate wood waste fired lM)iler''^ 
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Attachment 10-12. Air-swept distributor spout for spreader stoker 
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Chapter 11 

On-site Incineration of Commercial 
and Industrial Waste 



^Backgroufid information 

Thr design of small incinerators has uncier^onr considriablr chanj^c during the last 
20 years. Until the mid 1950s backyard incinerators and single chamber 
incinerators were very common devices for reducing the volume and weight of solid 
waste. They were, however, characterized by higli smoke, CO, HC. and particulate 
emissions. . ' 

In 1957, the Los Angeles County Air Poltiition CotitrdI District banned open 
fires and single-chamber incinerators (Attachment 11-1), because of their contribu 
tion to urban air pollution (1). During this period, in New York City, considerable 
interest focused on the use of auxiliary fuel burners and other design modifications 
to reduce the emissions- from flue fed apartment house-tyj>e incinerators (2). Their ^ 
combustion problems included a j>oor ability to control the residence time of the 
combustion gases, poor turbulence, and low combustion temperatures caused by 
high excess air. In addition, high emissions'resulted from the widespread lack of 
skilled incinerator operators and by the flue-fed feature which caused overloading 
and combustion disturbances. 

One design for a modified single-chamber flue-fedHncinerator is equipped with a 
roof-mounted afterburner, as illustrated in Attachment 11-2. This modification 
provides a hinged damper Which could be dropped down against^the flue-wall 
during refuse chargiqjj^. The damper prevents excessive draft and limits combustion 
gas flow to the roof afterburner during the initial burning stage. 

In 1960 the Los^Ttnitcl es County Air P ollution Control District published design V 
standards for multiple-chamber incinerators (1). The standards established design / 
values for certain velocities, temperatures, and dimensions (sec Attachment 11-S); — 
along with procjpdures for certain standard design calculations. These standards 
also stressed the importance o? operational features, such as refusp-charging ' 
method and auxiliary fuel burner requirements. Similar design standards foi^""v^ 
multiple-chamber incinerators were also published by the Incitierator Institute of 
America (3). ' /7 « 

As shown in Attachment 11-4, Fnultiple-chamber incinerators typically have 
emissions which are 50% lower than single-chamber units. Among thg design 
improvements were gas speed and directional changes (which increased 
turbul^^nce), secondary air and auxiliary fuel burners (tb improve combustion in 
the second chamber), larger sizes and damper controls (to provide longer residence 
t^e). Barometric dampers required proper design for ^ze to maintain draft at 
around 0.2 inches of water in the primary chamber. Some multiple-chamber 
incinerator deiigfts included water scrubbers (Attachment 11-5). 



In tho 196()s various j^ovrrnmenial agrncies set emission sian<l;ir(ls ini 
incincratori which were to br purchased with then iuiuU. In 19()9, ihe Tuhlu 
Health Servj^ established an interim design guide for selection or modification of 
multiple-chs^Blr incinerators (4). This design guide was to provide control to 
either 0,2 or 0.3 grains of particulate per standard cubic foot of flue gas. corrected 
to 12% CO2. The 0.3 value was for units with burning rates at 200 pounds per 
hour or less, and the 0.2 value for units rated over 200 pounds |*r hour. 
Incinerators sized over 200 pounds per hour required scrubbers. 

The 1972 results wtre presented of stack tests on seven representative, yet fairly 
qew, apartment house incinerators in New York City, Cincinnati, Philadelphia, 
^and Miami (5). The particulate emissions of the two single-chamber units con 
siderably exceeded the Federal standards cited, but the five multiple-chamber units 
met the standard. Temperatures in the secondary combustion chamber were low, 
ranging from 650 to 1 ,145 ^F — compared with a recommended range^^of 1,200 to 
1,400*T. This indicates too much excess air. Other problems'included plugged 
water spray nozzles, and the inability of some uiiits to operate at their rated 
capacity. 

In the early 1970s> most states considerably tightened their standards for 
incinerator emissions. Thi^was part of the State Implementation Plans for the 
Clean Air Amendments of 1970. In many cases the emission standards prohibited 
typical multiple-chamber incinerators. In fact, because of local sour<;:es and 
ambient conditions, some areas still do not permit new incinerators. 

€k>iitrolled-Air Incinerators 

Controlled- air incinerators are an innovative adaptation of the multiple-chamber 
incinerator design using forced draft rather than natural draft for the air supply. 
Because considerably less air is used than for multiple-chamber incinerators, final 
combustion temperatures are much higher, providing more complete combustion. 
Also, low combustible particulate loading is achieved by limiting turbulence and 
air velocities in the primary chamber. • 

The reduced emissiofis characteristics of controlled-air incinerators, and of 
modem municipal inciheriuors having adequate stack cleaning, have demonstrated 
adequate emis$ion control for acceptance in most areas. * 

Although commercial designs halve varied with time ahd manufacturer, the 
^istinguishirig^design feature is the restrictive control of ^ir supply. As illustrated in 
Attachment 11-6, a sealed primary chamber acts as a u||ktilization zone. Air is 
supplied under the refuse bed at approximately bOfo o^ie stoichiometric value. 

Temperature in th« primary chamber is controlled to around 1,400°F with the 
minimum being assured by Auxiliary fuel. The maximum may be limited by 
cutting off the primary air or by the use of water sprays (6, 7). Continuous charg- 
ing of ijfakte mAteriab generally ensures that less than stoichiometric primary air is 
present and that a reducing atmosphere will be maintained. 

The com!>iiiti<^h,ga4«$ to a second chamber, or afterburner, for complete 
oxidation of the smoke, CO, and hydrocarbon gases. The balance of the required 
air is •trfttegically introduced to provide proper turbulence jwithout quienching the 




coiTlbustiblc gases. The overall excess air rate may be aiouncl 100%, reinpeiatmes 
in the second chamber Ure usually coiumllcd at frotn 1. ()()() to 1,8()0^K l>v (he 
filiaiy luci and excess air, I ypical residence times are trom . / to LO second (M). 

Originally ''starved air*' units described those with relativyiy small secondary 
chambers or afterburners, and "controlled air^ units ha>i^ relatively large secondary 
chambers. However, today, "controlled air* is used to describe both designs. 

Typically controlled-air incinerators are factory manufactured. Each given model 
has a standardized design and is shipped to the site prepackaged. Loading rates for 
individual modules arc modest with waste rates varying from 400 to 3,000 Ib/hr. 
Larger waste rate^ are achieved by using multiple numbers of modular units. For 
exaiTiple, eight If .5 T/day irt\its have a combined 100 T/day capability. 

Most of the units which have been installed are of the batch type, without con- 
tinuoib ash removal.. These units typically operate on a 24 hour cycle, with batch 
charging at 8- to l6-minut^ intervals. The full burning rate may be'maintained for 
7 to 9 hours (7). Then approximately three hours are utilized for burning down the 
charge with the afterburner operating. Finally, cooling occurs overnight, and in the 
- morning the ash residue is removed. This is followed by preheatingyhe refractory 
and repeating the dajly cycle. 

Solid waste weight reduction is around 70%; Volume reduction is well over 90%. 
The amount 6f auxiliary fuel required for fow emissions depends on waste 
characteristics. Type 0, 1, and 2 waste typically are burned with little auxiliary fuel 
soused during the full burning rate. Of course auxiliary fuel is required for burning 
down the charge and for preheating the incinerator. Pathological waste may be 
burned with multiple auxiliary fuel burners in primary as well as secondary 
chambers. 

Most designs have been refined to provide particulate or smoke control' adequate 
to meet nfost state standards without utilizing a scrubber or other flue gas treat- 
ment. Particulate emissions of "dry catch;** or the sample collected on or before the 
filters in EPA sample train, have been recorded from 0,03 to .08 grains per stan- 
dard cubic foot corrected to 12% CO2 (7). 

Design and Operational Modifications for Improved Performance 

The problems inherent in a poorly operating controlled-air incinerator are gen- 
-erally related to cither the waste material, charging technique, or the operation of 
the auxiliary burners. 

Higher cnfiissions will occur with the overloading of a unit, because of fly ash ^ 
entrainmcnt -with the higher air velocity in the primary chamber, and the reduced 
residence time in the second chamber. Emissions also increase as the batch 
charging disturbs the fire bed, If the charge consists of compressed or packaged 
materials^ rather than loose mate^ials^ the rateis of volatization and the air delivery 
can get out of balance and smoke ma^y be observed. Variable moisture in. the 
charge also wifl cause a combustion imbalance and possible smoking conditions.* 
. The main control method is to modify the charging techniques to cause less 
disturbance to the fuel bed. 3rt^aller and more frequent charges may be desirable. 
A design modification that proyides a ram feed system with a double'^door 
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inirrlo<k..^Ihi,stratr(l in Attarlnnrni 11 H, should avoid the rxlia .tn inflow dunng 
Charging. A moir signiluani iksi^u nuulduaiu.n would piovidr < ounm.nus 1. < <I 
fuel-bed agitation, and continuous ash removal, l acloty inanufaciured (oniiollrd 
air incinerators are now being marketed with continuous ram feed and ash r<Mnoval v 
features. I hesc units operate 24 hours per day and thereby have inc reased loadmg 
capability. In addition, the refractory damage due to lempe.ature (y( hng .s ron 
siderably reduced. 

Reducing the auxiliary fuel used may cut the auxiliary fuel costs, but. of course, 
the smoke and particulate emissions will probably rise. I he automatic controller 
temperature setting should be adjusted to obtain the proper auxiliary fuel ftrmg 
rate. Maintenance of burners, refractory walls, and underfire air supply should be 
done at the intervals recommended by the manufacturer. 

A controlled air incinerator may be abused if it is operated as an excess air 
incinerator with extra primary air blowers used to increase the energy release rate. ^ 
Although this modification will cut the afterbui^ier fuel costs, tl^ reduced J 
residence time will increase the smoke and particulates emissions/. Maintenance 
costs may also increase because of the higher ten^perature cyclii<g of the refractory. 

Waste heat boilers can be provided to produce steam or hot water from stack gas 
waste^energy (7). One design is illustrated in Attachment 11-8. The economics, of 
course, most favorableyif the refuse waste stream is guaranteed, and if a 
customer is available who will purchase all the steam or hot water produced. The 
economic.picture f(Jr. too many major steam generating solid waste mcinerator 
facilities has been made difficult by the absence of one or the other of these 
features. 

Incinerator Operation fc^r Minimized Pollutant Emi^ions 
A most important aspect of goOd*linimum-pollutant emission incineration is the 
way in which it is operated. It must be charged properly in order to reduce fly ash 
entrainment and to maintain adequate flame and air conditions. Whe^> the 
charging door of some units is opened, considerable air rushes in and smoke is 
observed from the stack. Many units are now being designed with rani feeders, as 
previously described. - ^ 

J The ignition chamber of multiple<hamber units are normally filled to a depth 
two-thirds of the distance between the grate and the top arch prior to light off . 
After approximately half the refuse has been burned, refuse may be charged with a 
minimum of disturbance of the fuel bed. The charge should be spread evenly over 
the grates so tfiat the flame can propagate over the surface of the newly charged 
material. Variations in underfire and overfire air will give \hc operator an oppor- 
tunity to determine ^ best settings for various types of waste material, depending 
upon the stapk en^^B. ^ 

Auxiliary fuel should be started prior to igniting the waste material so 

that the chambci^piBr preheated to operating temperature. This will cOn 
siderably reduce lHe pBiculate/smoke emissions. 
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Attachment 11-1. Single-chamber incinerator 




Attachment 11-2- Modified single-<:hamber flue-fed incinerator 
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Attachment lti-4i fimission favors ^or refuse incinerators 

without contTftls^^ 
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•Average factors given based onJ£PA procedures for incinerator stack testing. 
^Expretsed is sulfur dioxide. 
^^Expretsed ai methane. 
^Expressed as nitrogen dioxide. 
^References 5 and 8 through 14. 

^Mgit^unicipal ipcinerators are equipped with at least this much amtrol: 
•"^^•^/Table 2.1-2 for appropriate efficiencies for other controls. 
>Refeieill»r&.^ 13, and 15. 
^Baaed on m'unic)))^! incinerator data. 
^Referencea 3, 5. 10\nd 15. 



jRefercnce 7. , • , 

^^ased on data for wood combuf^ion in conical burners. 
'Not available. 
"^Reference 9. 

"References 3. 10. 11. IS. 15. and 16. 
^With afterburners and draft controls. % 
PReferences 3, \ U and 15. 
''References 5 and 10. 
"^Reference 5, 
■References 3 and 9. 
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Attachment 11-6. ControUed-air incinerator^ 
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Attachment 11-8. Controlled-air incinerator with ram feedcr7 
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Chapter 12 

Municipal Sewage Sludge Incineration 



Introduction to Sludge Incineration^ ^ 

Incineration is an acceptable method for volume reduction and .sterilization of 
municipal sewage sludge. Disposing sludge iluo the ocean depths, in sanitary land- 
fijls, aixd by landspreading have been widely practiced, but these methods are 
incre^iVigly subject to environmental concern. Ocean dumping has an apparent 
adverse effect upon life on .the $^a floor (1). Landspreading disposal is of concern 
because of aesthetic and health reasons. Every year there are even fewer acceptable . 
sites available. 

On-site sludge incineration may have certain economic advantages related to 
automation (labor costs) and transportation. However, the moisture content of 
typical sewage sludge is such that considerable auxiliary fuel is required. 

Air pollution emissions from sludge incineration vary widely, depending on the 
sludge being fired, the operating procedures, and the air pollution control device. 
Particulates may be controlled to the New Source Performance Standards (1.2 
lb/ ton or %.65 g/kg dry sludge input) by using a venturi scrubber having approve- f 
imately 18 inches of water pressure drop. Other acceptable control devices for par- 
ticulates could be impingement scrubbers, with auxiliary fuel burnej* (controlled 
by O2 seniors), or electrostatic precipitators. 

Sludge Characteristics \ 

Typical moisture content for mechanically de-wat^rcd sludge ranges from 70 to 
80%, depending mainly on the ratio of primaryao secondary treatment and the 
drying equipment use(|. Notice in Attachment 12-1 that most components of sludge 
have consideraj[)le heating values in their dry form (2). 

A sample sludge having 25% solids may contain only enough combustion energy 
to raise the cojmbustion products and moisture to 906^F. This temperature is far 
below the 1,3^0 to 1, 400 necessary for deodorizing the stack gases of a conven- 
tional combi^stion unit. If this sludge were dried (de-watered) to 30% solids, the '\ 
steady use of auxiliary fuel would be unnecessary. The combustion energy from this 
sam]jJe s^dge would heat the combustion products and moisture to the required 
temperaturkeven after considerijjg the various heat losses (1). 

Most of the combustibles present in sludge are volatile, much in the form of 
grease. The fraction of ash or inert materials depend on the sl^idge digestion as 
well as the de-gritting treatment process. Hydrocyclones have Joeen shown to 
remove up to 95% of the^plus 200 to 270 mesh inorganics. This de-gritting process 
may increase the volatile content of sludge by approximately 10%. (1). 

A flpcculatiojn process used w|th the clarifying agent in the primary treatment * 
will increase the settling rate and therefore the ratio of primary to secondary 
sludge. This provides sludge of higher heating content and better de-watering 
properties. \ • * 



discharged into the atmosphere during incineration. With the exception of met 
cury. hazardous or potentially hazardous metals (such as cadmium, lead, 
-magnesium, and nickel) will be converted mainly to oxides which will be found in 
the ash or he removed with the particulates by ^irubbers or precipitators. 

Mercury is a metal which presents special problems in incineration. In the high 
temperature region of incinerators, mercury compounds decompose to volaH(e mer 
curie oxide or metallic mercury vapof . Mercury concentrations of *wage sludges 
nationally usually average less than 5 ppm on a dry solid basis but are occasionally 
as high as 10 15 ppm. For high mercury sludges, greater than 5 ppm dry solid 
ba.ses. make a mercury balance acros-s the iiu inc.ato. Mercury cmi.ssioiis should be 
held to Irss than Ji200 g/ per day. i 

The above hazardous pollutant standard was estlblished by EPA to limit the 
atmospheric discharge of mercury from any one site for sewage sludge incinerators. 

Lead emissions from sewage incinerators have been less than 10% of their inlet 
concentrations. 

Sludge also may contain toxic pesticides and other organic compounds such as 
polychlorinated biphenyl (PCBs) usually at low concentration, less than 25 ppm 
dry solid basis. Such materials are ver^ refractory and may need 800°-1000°C tor 
0.7 to 1.0 second residence time to approach total destruction. Read chapter 15. 
incineration qf PCBs. 

Multiple-HeaiKh Furnaces 

The most widely used sludge incineration system is the multiple hearth 
illustrated ih Attachment 12-2. The present air cooled multiple-hearth de^il^ ai) 
adaptation of th(vHcrreshoff tifesign of 1889 (4). This design was previously used for 
roasting ores. In 1935 it was first adapted for spwage sludge incineration with oil 
fired auxiliary fuel and manual operation controls ^5>. Wet scrubbers were added 
to typical designs in the 1960s, and combustion was improved as automatic con- 
trollers became sophisticated in the 1970s. 

Multiple-hearth furnaces are in wide use because they arc simple and durable 
and have the ability to bum completely a wide variety of sludge materials, even 
with^ fluctuating water content and feed rate. They are most popular in large cities 
where alternate disposal techniques are inconvenient or too expensive. Over 175 
multiple-hearth furnaces were reported operating in 1972 (6) 

The typical design features include a cylindrical refractory-lined steel shell 
having multiple (4 tp 12) horizontal solid refractory hearths. Each hearth has an 
opening that allows the sludge to be dropped to the next lower level and for the 
gases i^o pass through in 4 counterflow direction. 

Stoking is provided by a mptor driven revolving central shaft which tjtpically has 
2 or 4 "mmble" arm? extended Qver each hearth. "Ramble" teeth are attached to 
the "raiSte" arms and act as (Ploughs to agitate the sludge material moving it con- 
tinuously across the Inearth to o^nings for passage to the next lower hearth. This 
plowing procew breaks up lumpsVand exposes fresh sludge surface area to heat and 




oxygen. . /' . . ^ . ^ 



\ 



The central 'shatt and "ramble"yifm5 arc air cooled, in ord<M lo prrvoiVt daniago 
Iron) {he hi^h lrin|><M ;uinr. 

Combustion in muhiplc-hearth furnaces is typically cliaracieri/,ed by lour /onos. 
The drying zone is where only moisture is diivc^y()ti from partially de wifterrd 
sludge, by heat transfer from the hot combustion gases. I here sludge"leinp<Matures 
are typically increased from room temperature up to 16()^F. and the moisture con 
tent is refluced from the initial amc^nt (e.g., 75%) down to 45 or 50%. Gases exit 
this zone at 800 to 900 ^F. If the gas temperature were to drop to abound 500 to 
600*^F. more auxiliary fuel would be needed injhc^ombustion region; but if it 
were to increase above 800^F, more excess aif^ kvould be needed to prevent furnace 
damage. / 

The volatization zone is where volatiles are distilled and burhed. They have 
characi^isiic, long, ycUo^flames and combu^ioa temperatures of around 1,300 to 
1,700^F. Following this zone i#the fixed-carbon burning zone, where burning is 
characterized by short, blue flames. The fourth zone is where the ashes are cooled 
by heat transfer to the combustion air prior to ash quenching and removal. 

The location <ff the combustia||^egion varies with the sludge feed rate atid 
moisture content, as well as the use of auxiliary fuel^For a given operating 
condition, if the feed rate or moisture conten|ri<reduceTi, the combustion region^ 
may move to a^igher hearth. On the other hand, if the feed rate or moisturris * 
increased, the combustion region may move to a Ibwer hearth, because longer 
drying time is required' Of course, if the combustion zone drops too low, auxiliary 
fuel burner? should provide energy to cbntrol the location of the combustion zone 
and the completeness of combustion. 

Combustion control systems may^include temperature-indicating controllers, pro- 
portionate fuel burners (with electric ignition), ultraviolet scanners, motorized 
valves in air headers, autoAiatic draft control, and a (Controller ^r^ven by a flue gas 
oxygen analyzer. ' ' 

The amount of excess air is innportant for Assuring pdor control and complete 
combustion. Insufficient combustion air results in smoke emi^ed from furnace 
doors as \yeTl as stack. However, too much excess air also may a^t to reduce the 
normal combustion temperature, thereby causing increased auxiliary fuel usage. 
Typically the excess air rate is between 50 and 1?5%. 

Attachment 12-2 illustrates the cooling air from tbe centra,! shaft and **ramble" 
arms which may be from 350 to 400 *^F. Thisj^ir.^may be useli as preheated combus- 
tion air or as reheat energy to aid in dissipatijng the plume ^fssociated with the wet 
scrubbers. / 

Hot flue gases leaving the incinerator are typically coolec^ by water sprays, air 
dilution, or energy recovery heat transfer prior to arriving ^t the scrubber. The 
cleaned gases inay then be reheated by ah afterburner or by heat exchange to a^st 
in plume dispersion. Other^uses of flue gas waste heat may be for preheating com- 
bustion air» for building environmental control, or for thermal conditioning of 
sewage sludge to rediice mdisttire. Although niultiple-hearth furnaces^^ar^apable 
of continuoufs operation, many units hiiye been oversized and operate on an .inter- 
mittent schedule. The cyclic temperature variations .must he tethered by auxiliary 
heating to limit the possible, structural damage caused by thermal stresses. In 



.uhlition. \hc fiiiiKUC musl he pivUrMt d pi ioi \o the hc^iiuiiiYj; of sliui^c imiiic!.! 
tion in-order prevent smoke and odor problems. 1 hermal losses troin shui duwii 
and restart may account for as miu h as 80% of the auxiliary fuel demaiui (1). 

Fluidizcd-Bcd Combustion ^ 

Fluidized bed technology has been developed primarily by the petro t hemic al 
industry. The method has been proved for various applications: catalyst recovery in 
oil refining, metallurgical roasting, spent sulfite liquor combustion, and the 
incineration of wood wastes, as well as municipal and industrial sludges. Con 
siderable demonstrations also have shown the application of fiuidized bed combus 
tion to electric and steam energy production by burning coal. 

Typical cross sections of fiuidized bed combustion units (reactors) for sewage 
sludge are found in Attachments 12-3 and 12-4. Bed material is composed of 
graded silica sand. Air is directed upward through the bed at a fiow rate calibrated 
to caus^ the bed to be fiuidized, resembling rapid, boiling agitation. 

Sludge is fed in,^nly after the bed has been preheated by auxiliary fuel to 
around 1,400°F to avoid improper combustion and odor problems. Fuel sludge 
may be introduced directly onto the bed through pipes in the wide wall or through 
spray nozzles above the bed at the top of the disengagement zone. In the latter 
case, water is vaporized from the sludge in the disengagement zone by heat transfer 
from ihe hot combustion gases. ^ 

Thermal oxidation of sludge solids occurs in the hot fiuidized bed due to the 
mixing of air and combustible materials. Heat transfer between the solids and gases 
is rapid because of the large surface area available. Although the bed may glow 
and incandescent sparks may be seen above the bed, there is no flame. 

The heat required for raising sludge to the kindling point must come from the 
hot fiuidized bed which must have a volume of adequate size to act as stabilizing 
heat sink. The disengagement zone above the bed permits larger entrained solid 
particles to settle out for burnup in the fiuidized bed. 

The bed retains organic particles until they are essentially reduced to ash. The 
bed agitation prevents the buildup of clinkers. Ash is removed through the entrain- 
ment of small particles by the combustion gases. These particulates must be 
adequately controlled by a scrubber or some other collective device. 

As in multiple-hearth furnaces, the amount of auxiliary fuel u^d depends oh the 
properties of the sludge and the operating conditions. 

The operating temperatures and excess air requirements for fiuidized bed com- 
bustion are low, so that NOx formation is modest. Sufficient air, however, is 
re(iuircd to keep the bed (sand) in suspension, but not so great as to carry this sand 
out of the reactor. ) 
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Aitachmeftr 12-2. Typical section of iiuihiple-hearth incinerator^^ 
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Attachment 12-4* Flui<Ji/.ccl bt d for sewage sludge iiu iiieiation 
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Chapter 13 

Direct Flame and Catalytic 
Incineration 



Atinosphnic oxidants air primarily the result of a sri irs ol ( h^mit al rcat lions 
Ix'twern organic compounds and nitiogcn oxides in the prrsrncr ol sunlight. I lir 
l('v<*l of oxidants in thr atmosphere depends significantly on the organics initially 
present^, and on the ratv at which additional organics are emitted. ( I he contrihu 
tion of nitrogen oxides is the subject of Chapter l(i and will not he discussed here.) 
Photochemical oxidant control su^^egics art: ih<uef^)re aiineil at controlling NOy 
and the emissions of volatile orghmr compounds (VOC) by: 

1. Substitution of VOC by solvents of less volatility and lower photochemical 
reactivity; 

2. Process and ma teria^ changes to reduce' VOC omissions; 

3. Add on emission control devices. ^ ^ 

The xontrol of objectionable gases and vap()\f by add on dt^vices usually relies on 
one of the following methods: . 

1. Absorption in a liquid (scrubbing); ^ 

2. Adsorption on a solid; 

3. Thermal or catalytic incineration; 

4. Chemical conversion. 

These methods are discussed in detail in another EPi'\^r Pollution Training 
Institute Coijirse~-#4ir): Control of Gaseous Emissiofis". To avoid unnecessary 
duplication, only those methods which are related to combustion will be outlined 
here. - . ' * ' ♦ 

The objective of incineration is to oxidize completel;^ the organic vapors and 
gases from a process or operi^jQ^vthat emits ^hem. Some emissipjis, of course, 
include particulate as well a:i gasebH^matter. If the particulates are combustible, 
they may also be handled by the combi^imi process^ Incineration is one of the 
most widely used methods for controlling Vt>C emissions from industrial manufac 
turing processes and from other man-made sources. * 

Devices in which dilute concentrations of organic vapors, are burned by the use of 
added fuel are known as afterburners. These are capable of handling waste gases 
which have. too low a heating value to maintain sustained combustion. Waste gases 
with heating values of about 50 Btu/ft^ or higher can be burned directly without 
auxiliary fuel in specially designed burners (see Chapter 7),. Preheating the gases to 
600-700°F may permit direct burning (without auxiliary fuel) of even lower heating 
value wastes. 

The usefulness of afterburners has been well documented. Their popularity has 
been mainly due to their ease of operation and the availability of low-cost natural 
gas, at least in the past. Although waste gas incineratjcrfi is simple in principle, the 
actual equipment can get somewhat complex due to requirements for controls, as 
shown in Attachment 13-1. 
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Owe ol lh<' Imx^<*sJ (liavvl).uks »o rvcu widci use <»t .iIkm bin lU ts rs (he t osl of (li.H 
equipment, especially due to the si/e needed to handle the large vohunes and low 
concentrations of organics in the various effluent stroanis. This, loupletl with evei 
increasing fuel costs and decreasing fuel availahility, has raiseil ^onic serious i^ues 
tious about the continued viability of gas incineration techniques for the control of 
VOC emissions. Answers to these questions are beyond the scope of this discussion. 
It. should':^ mentioned, however, that heat recovery devices incorporated in some 
newer installations are changing the afterburner economics picture considerably as 
will be discussed later. 

The two major types of conx][)ustion units are (a) the thermal incinerator and (b) 
the catalytic incinerator. Catalytic units, a schematic of which is shown in Attach 
rnent 13-2» permit the use of a lower temperature lhan the thermal mcincrators for 
complct^^ combustion, and therefore use less fuel and lighter construction materials. 
The lower fuel cost can be offset, howeveip, by the added cost of catalysts and 
typically higher maintenance requirements for the catalytic units. 

J The physical size of an afterburner is dictated by the volume of the effluent to 
be treated and the residence or dwell time required at the elevated temperatures. 
These vary somewhat with the type of effluent, but they are generally in the order 
of 0.3 to 0.6 seconds at 1,200 to 1,500^F for 99.9+ % destruction of organics by 
thermal incineration. Furthermore, the oxidation reqi^ires less time at higher 
temperatures (see Chapter 2). More detailed information on residence time 
requirements are found an the appendix to this chapter. Burner type and arrange 
ment have a considerable effect on burning.time. The more thorough the flame 
contact is with the effluent gases, the shorter is the time required to achieve com^ 
plete combustion. Turbulence in the combustor zone achieves much the same 
benefit of reducing required retention time, as actual flame contact. 

The concentration of combustibles in the fumes to be incinerated cannot exceed 
- 25% of the lower explosive limit (LEL) for safety reasons. This is necessary to avoid 
any danger of flash backs to other process units. In practice, it would usually be y 
unwise to attempt to control organic vapors that contain halogens or sulfur solely 
by combustion, since the cotnbustion products of these elements are even less 
desirable, and often corrosive. A secondary control system, stich as a scrubber, may 
be rc<|uircd in series with the afterburner to remove these contamiijants. 

The gaseous waste streams usually contain siJfficient oxygen for complete com- 
bustion of the auxiliary fuel, should th*. latter be required. An efficient afterburner 
design cai> produce complete combustion of the auxiliai^uel with fumes con- 
taining as little as 16% by volume of oxygen. The availaKW heat (which is needed 
to raise the effluent fumes to the incineration temperature) from burning natural 
gas with 0% outside primary air is considerably 'higher than the available heats dis- 
cussed in Chapter 2 and is termed the "hypothetical" available heat. Calculations 
for fuel requirements using the hypothetical available heat concept are outlined in 
the Air Pollutton^Engineering Manuai AP-40, on pages 176 and 935 M). 

Using oxygen from the viMtt gases reduced the auxiliary fiiel requirements. 
Other possibilities for reducing afterburner operating costs include (a) the use of 
heat recovery devices for preheating incoming fumes or for other plant uses and (b) 



burning combustible waste liquids through (<MUer liied gun typr hutnrts A (ypK al 
I riJ<Miri ,U iv<* in<Mh(>(l of hr.M ircovriy is iMnsti.ilf^l io An.ulntuiu IS '\ Tins p.M 
tiiulai system o|HMa(es in a cydic fashion by swilrhing gas flows fioin ()n(^ ccManni 
bed to another. Continuous operation, without the* involv(*d du( ting srhenie. is 
possible with a heat wheel. Anotbn fre(|uently us(*d (Mieigy saving approai h is the 
recuj>erative heat recovery method which is based on continuous brat tianst<M to 
another fluid separated by a heat transfei surface. The net (ost of using an altei 
burner to control gaseous pollutants could be reduc<'d furthei by using the dean, 
but hot and inert, exhaust gases in some other part of the operation, such as a 
dryer, etc., if possible. 

C^lommercial afterburner designs are widely available, in( hiding systems with heat 
recovery. Many of these are packaged units with capacities to S. ()()() S( fm, typically 
^apable of treating the effluent stream at up to l.r)()()^l' for 0.5 seconds. More 
detailed design and operating conditions can be found in the Appendix and from 
Ythe references listed at the end of this chapter. 

A very readable discussion of the basic principles involved in incinerating com- 
bustible gaseous pollutants is available from the book by Kdwards (2). Considerable 
space is devoted there also to catalysts and catalytic devices. 

. Air Pollution Engineering Manual. AP-40 (1) is oriented more towarcis specific 
hardware and actual design and operating characteristics. It contains worked 
examples of afterburner designs, and an evaUiation of an existing afterburner 
performance. 

More detailed calculation procedures are presented by Wor^ey and Motard (3). 
Modular subroutines were developed which are suitable for inclusion in a larger 
computer code for Control Equipment Design and Analysis (CEDA) for gaseous 
pollutants. These subroutines will provide the size of gaseous pollutant control 
equipment when used in the design mode. In the analysis mode these subroutines 
are also capable of determining the proper operating conditions for an existing 
piece of equipment, * , " 

A recently completed study of the systems for heat recovery fr6m operating after- 
burners (4) has concluded that not only are such systems technically feasible, but 
^hey can also be economically advantageous. Attachments 13-4 and 13-5 show the 
niagnitudes of energy savings actually being obtained honi surveyed operating 
units. ^ 

EPA has issued a scries of reports entitled "Cortfrol of Volatile Organic Emissions 
from Existing Stationary Sources" which is directed entirely at the control of 
volatile or^anics contributinir to the formation of ohotochemical oxidants. Volume I 
of this series (5) contains much useful information-on the effectiveness and costs 
of various control options, including both catalytic and non-catalytic (thermal) 
incinerators. The section of this volume devoted to incineration is reproduced as an 
^Appendix to this chapter* Subsequent volumes of the series deal with the control of 
VOC from specific industries and processes, and should be consulted for more 
detailed background and inforination ^pplicable to a specific problem. 
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Attachment 13-1. Sectional view of direct-flame afterburner 
((ias PrcM rssors, Int ., Htc.i, (lA)' 
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Note: The turbulent expansion zone promotes ntixing, as gases decrease their velocity for 
proper residence time. The compression zone in this design allows for better control and a 
modest blower size. 
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Attachnu'll! 13-2. Catalytu iiu iiu iatot with rcryt le- 
ant! Kcat economizer 
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Attachment 13-3. Ceramic bed rcgenerative-typc i;u-inera(ion 

and heat I'rcovci y system 
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Attachment 13-4. Reported ranj^c of heat recovery pvr stajje 
by application and type of afterburner equipment'* 

It 



Applicsnion 


Recovery range, % 
per stage 


I 


Gas/gas \\rM traiufrr ( ^ 








A. Recupcraiivr 




31 lo 78 




1 . Heat fuinr« before tombusi 




31 to 78 




2. Hrac makeup air 




40 to 50 




B. Rcgencracive 




43 to ti^ 




1 . Hrat fumra beforr combusl 


ing . 


70 to 85 




2. Heat makeup air 




43 to 75 


2, 


Gas/ liquid heat transfer 








A. Economizer 




9 to 62 




B. Boiler 




20 to 80 


5. 


Rrvyclr 




70 to 80 



i 
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Attachment 13-5. Energy savings f roin afterburner exhausts^ 



System 
no. 

(1) 


Heat energy" 
discharged -to 
atmoflnhm* fmm 
afterburninir 
without he^t ' 
' recovery, 

10® Btu/yr 

(2) 


Heat energy 
discharged to 

afterburning 
with heat 
recovery, 

10^ Btu/yr 

— -1 


Heat energy 
saved - 
from 

exhaust, 
10^ Btu/yr 

; <^ 


Heat energy 
saved 
from 

exha.ust^, 

% 
(5) 


Purchased 
electricity 
to operate 
heat recovery 
with afterburiK^r 

10^ Btu/vr 

(6) 


Net 
energy 
savings, 

1 .R*II /vr 

1 V 'Diuf yr 

(7) 


Net 
energy 
savings, 

en. 

TO 

(8) 


1 


52.243 




* 39.553 


76 


497 


39.056 


74.7 


2 


192.920 


44.11« 


148.aD2 


77 


4.058 


144.744 


. 75.0 


3 


- 127.600 


16.^13 


1 1 1^87 


\87 


(153) 


111,440 


87.3 


4 


38.198 


15,'17.7 ( . 


. 33.021 


■ 86 


205 


32.816 . 


85.9 


5 


160.583 


37.9^0 • 


122.653 


76 


766 


127.887 • 


75.9 


6 


149,463 


«27l^ 


122.020 


... 82 


411 


121.609 


81,4 


7 


140.145 


3'^0 


146.045 


81 ^ 


' , 1.075 


144.970 


80.5 


8 


68.120 


isQSk 


55.836 


82 


•4.535 


51.299 


75.3 


9 


128.163 




102.530 


80 


900 


101.630 


79.3 


10 


76.184 




59.814 


78 


497 ^ 


59,317 


77.9 

— T 



*Bascd on 1400 incinerating aifid e^^hau^t 
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3.2. 2.1 Introduction hu iiuM atioii drstioys oigaiiit nnissioiis by oxidi/ing lh<*in to 
t atbon dioxide and vvatri vapoi. Iiu incM ation is i\\c most univrusally applic able' 
iontiol method for oigaiiics; givrn the piopci coiulilions. any oiganir toiiipound 
will oxidize. Oxitlaiion piorecds more rapidly at higher (emperatvirrs aiul higher 
organic |K)llutant ronteui Inc inerators (also c allcul afterburners) have luvn used 
for many ye^ars on a variety of sourccvs ranging in si/e from less than 1 ()()() scfm to 
greater than 40,000 scfm. 

Use of existing process heaters for incineration The use of existing boilers 
and process heaters for d(\struction of organic emissions provides for the pc)ssibility 
of |H)llution control at small capital cost and little or no fuel cost. The option is. 
however, severely limited in its application. Som^ of the requirements are: 

1. I hc hc^uer must be operated whenevei t he "^fmiiut ion source is operatecl. Kmissions 
will be uncontrolled during process healer down tunc 

2. The fuel rate iorikw burner cannot be allowed io fall below that required for 
effective combustion. On off burner controls are not acceptable, 

3. Temperature and residence time in the heater firebox must be sufficient, 

4. For proper control, the volume of polluted exhaust gas must be much smaller 
than the burner air requirement and be located close to the process heater. 
For most plants doing surface coating, especially if surface coating is their 
main business, the combustion air requirement is smaller than the coater 
related exhaust. In many diversified plants, the coating operation may be dis 
tant from heaters and boilers, 

5. Constituents of the coating-related exhaust must not damage the internals of 
the process heater. 

Few boilers or heaters meet these conditions. 

Use of add-on incincratprs — In noncatalytic incinerators (sometimes called ther 
ma^pr direct flame incinerators), a portion xof the polluteld gas may be passed 
through the burner(s) in which auxiliary fuel is fired. Gases exiting the burner(s)in 
excess of 2000 ^F are blended with the bypassed gases and held at temperature until 
reaction is complete. The equilibrium temperature of mixed gases is critical to 
effective combustion of organic pollutants. A diagram of a typical arrangement is 
shown in Figure S-10. ^ • 

The coupled effect of temperature and residence time is shown in Fi^re 3-11. 
Hydrocarbons will first oxidize to water, carbon monoxide and possibly carbon and 
partially oxidized organics. Complete oxidation converts dO and residuals to car- 
bon dioxide and water. Figure 3-12 shows the effect of temperature on organic 
vapor oxidation and carbon monoxide oxidation. 

A temperature of 1100 to 1250*^F at a residence time of 0.3 to 0.5 second^ is suf 
ficient to achieve 90 percent oxidation of most organic vapors, but about 1400 to 
1500^F may be necessary to oxidize methane, cellosolve, and substituted aromatics 
such as toluene and zylene.2 

Dffign — Incineration fuel requirements are determined by the concentration of 
the pollutants, the waste stream temperature and oxygen level, and the incinera- 
tion temperature required. For most organic solvents, the heat of combustion is 
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Fumr inlet coniirciion _ 



Ga0 connection 



Pilot assembly 



Fume inlet plenum 



l*uili of funic flow (funir ilwlf i« iiw*! 
as 5UUXCC ol biiinn vonil)iiMn»M «>^)K* »*' 
eliminating need for outflidr air 
admiMi(M) and increaM*d Hiii load.) 




Refractory-lined 
ignition chamber 



Figure 3-10. Typical burner and chamber arrangement used in direct-flame incinerator 
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' Figure S-12. Typical effett of operating temperature on effectiveneu of thermal afterburnei[ 
for destruction of hydrocarbons and carbon inonoxide.' 
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.lUnul O f) Um srl toi c.u 1» p« )»<M\i t>l ihc LI'.l,. I lus is cnovigh to t.usc the vv.iMc 
Stream temperature about 27 5°F for eai<i i)ertent of tUe 1 t l (at 100 jK-rrciu 
combustion). Thus, at 2r> i)ercent of the l.EL.. the tem|>erature rise will be 620 
for 90 percent conversion. 

Fuel Natural gas. t.PG and distillate and residual oil are used to fuel 
incinerators. The use of natural gas or LPG results in lower niaintenante t'osts; at 
present, natural gas also is the least expensive fuel. However, the dwindling natural 
gas supphes make it almoet a necessity to provide newly installed incinerators with 
oil-burning capabilities. 

In most cases where natural gas or LPG is not available, incinerators arc fixed 
with distillate fuel oil; residual oil is seldom employed. Oil flames are more 
luminous and longer than gas flames, thus require longer fireboxes. Almost all fuel 
oil^, even distillate, contain measurable sulfur compounds. Residual oils generally 
have greater sulfur and particulate contents and many have appreciable nitrog<4ji 
fractions. Sulfur oxides, particulates and NOx in combustion products from fuel 
oil increase pollution emissions and cause corrosion and soot accumulation on 
incinerator work and heat transfer surfaces. 

Heat recovery — Heat recovery offers a way to reduce the energy consumption of 
incinerators. The simplest method is to use the hot cleaned gases exiting the 
incinerator to preheat the cooler incoming gases. Design is usually for 35 to 90 per 
cent heat recovery efficiency. 

The maximum usable efficiency is determined by the concentration of the 
organics in the gases, the temperature of the inlet gases, and the maximum 
temperature that the incinerator and heat exchangers can withstand. 

In a noncatalytic system with a primary heat exchanger, the preheat temperature 
should not exceed 680 °F, at 25 percent LEL, in ordci^to limit incinerator exit 
temperatures to about 1450 °F for the protection of the heat exchanger. The aux- 
iliary fuel would heat the stream about 150°F and oxidation of the solvent would 
heat it about 620 °F for an exit temperature of 680+ 150 + 620= 1450 °F. At 12 per 
cent LEL the preheat temperature should not exceed 950 ^F. Most burners have not 
been designed to tolerate temperatures above 1100°F. 

There are several types of heat recovery equipment using different materialsf at 
various costs. The most common is the tube and shell heat exchanger. The hi gher 
temperature exhaust passes over tubes, which have lower temperature gas or liquidX^ 
flowing through the tubes; thus increasing the temperature of that gas or liquid. 
Another method uses a rotating ceramic or metal wheel whose axis is along the 
wall between two tUI^leLs. Hot exhaust flows through one tunnel and heats half of 
the wheel. Lower temperature air flows through the other tuniiel and is heated as 
the wheel rotates. Another method uses several chambers containing inert ceramic 
materials with high heat retention capability. The hot gas (e.g., from the 
incinerator) passes through these beds and heats the ceramic material. The air flow 
is then reversed, and lower temperature gas passes through the heated beds; thus 
raising the temperature of that gas to near incineration temperature. Further 
details on various heat recovery methods and equipment can be obtained from the 
vendors of incinerators. 



The line of iiuineratoi rxhausi to pirhrat iiuiiUMatoi inl<'( ais i^^ofu ii irfninl U) 
as "'jnunaiv" \\cm \cn)\r\\ as illuMialci! m ( "..isc of I ijmik- ':\ \'\ SwMt^ some 
systems have a maximum allowable inlet temperature foi thr iiuineiaioi. it may 
not be possible to recover all of the heat available in the ininieiator exhaust In 
such cases, the inlet to the incinerator is controlled to minimi/<' hiel rctpiiuMUciits 
Note that a non i atalyti< iiu inerator always requires sonu- ftiel to initiate 
combustion. 

"Secondary^' heat recovery lises incinerator exhaust from the piimary heat 
recovery stage (or from the incinerator diret tly if theie is ilo primary hrat recovery) 
to replace energy usage elsewhere in the plant. This energy t an be used for process 
heat requirements or for plant heating. The amount of energy that a plant can 
mover and use c^epends on the individual circumstances at the plant, llsually 
recovery efficiency of 70 to 80 percent is achievable, snaking the net energy con 
sumption of an incinerator minimal or even negative if gases are near or above 25 
|>ercent of the LEL. The use of primary and secondary heat recovery is illustrated 
in Case 3 of Figure 3 13. It should be noted that heat recovery reduces operating 
expenses for fuel at the expense of increased capital costs. Primary heat recovery 
systems are within the incinerator and reqOire no long ducts. Secondary heat 
recovery may be difficult to install on an existing process because the sites where 
recovered energy may be used are often distant from the incinerator. In applying 
calculated values for recovered energy values in Case 3 to real plants, the cost of 
using recovered energy must be considered. If secondary heat recovery is used, 
often the plant cannot operate unless the control system is operating because it 
supplies heal required by the plant. 
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Cue 1 — Basic tyttcm 



r 



Solvent-containing p p*i 1 

off-gat P U 



Catalytl* if any 

1 



atmosphere 



Fuel Incinerator 



Procett 



(*asr 2 — Batii system with gas preheat 



^ To atmtitphcre 
Fuel 



Catalyst, if any 



Prcheater^ 



Procett 



Case 5— Prt>cc«s heat rccoTery with gas preheat 



Case 4 — Inert gat generator 




Catalyst if any A 



'Combuuion Catalfst, if any 



I air 



Fuel Incinerator 

Heat recovery 
fluid 

To atmosphere 



Fuel Incinerator 



Prooesa 



► Vented to 
atmosphere 



Inert gas 



Figure S-IS. Configurations t6t caulytic and noncaulytic incineration. 
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If thr gasrs in an oven arc inert, that is, contain litllr ()xVk< >^ rxplosion^ air noi 
po.s.siMr A\\{\ In^h < (Mu (mui alions <>( »)!g.mu snlvr ni \ apoi i aw h<^ haiulWd s.ilf^ly 
The oven exhaust (^an be blended with air and burned with minimal auxiliary iuel 
1 he incinerator n>4y be the source of inert gas for the oven. Cx)oling of the 
incinerator gas is necessary, removing energy that can be used elsewhere. Case 4 of 
Figure 818 illustrates this scheme. A modification of the scheme shown is the use 
of an external inert gas generator. This scheme can have a sfgnificant energy credit 
because the otherwise discarded organics are converted to useful energy. Because of 
the specialized nature of Case 4, it iilay not be applicable to retrofit on existing 
ovens and costs for this case are not included in this study. Note that in this case 
the incinerator exhaust is in contact with the product. This limits the available fuel 
for this option to natural gas or propane. The use of this option would probably be 
impossible if any compounds containing appreciable sulfur or halogens are used. 

To illustrate a specific case, Figure 3-14 outlines a source controlled by a non- 
catalytic incinerator. The source is assumed to operate 25 percent of the LEL and 
the incinerator has primary and secondary heat recovery. The primary heat 
exchanger raises the temperature to 700^F, at 85 percent heat recovery efficiency. 
The heat of combustion of the organic vapors provides a 620 ^F additional 
temperature rise at 90 percent combustion and the burner must supply only 
enough heat to raise the gases 80 ^F to reach the design combustion temperature of 
1400^F. Combustion products pass through the primary heat exchanger ~ where 
they are cooled to 1 025 ^F — and pnter a 35 percent efXicient secondary heat 
exchanger. In the secondary heat exchanger, further energy is recovered for use in 
other areas. In this example, makeup air for the source is heated from aimbilbt 
temperatures to source entrai^e xemperatures ^higher than oven exit tem[>eratures). 

The energy implications of tnis s^ljimie can be seen by comparing the energy 
input of this controlled source with an un(*>ntrolled source. In an uncontrolled 
source, fuel would be necessary to raise the temperature of the makeup air from 
70 to 425 ^F or 355 ^F. Tor a controlled source, fuel woul^ only need to raise the 
temperature 80^F. Thus, the energy input would be reduced by over 80 percent^y 
use of incineration simply because the organic vapors contribute heat when they 
bum. 

In the above analysis, the assumptions made are important. If the organic vapors 
are more dilute, the temperature rise due to combustion will be less. Heat recovery 
can be more efficient than 35 percent, making up for all or some of this difference. 
Finally, the analysis assumes that the heat recovered in the secondary heat 
exchanger can be used in the plant. The heat can bemused to produce steam, heat 
water, supply process heat or heat buildings. Obviously, a case-by-case analysis is 
necessary to ascertain how much recovered heat could be used. ' 
, Particulates — The level of particulate concentration found inf^urface coating 
operations should not pose any problems for noncatalytic volatile organic comt)us- 
tion. However, an incinerator designed for hydrocarbon remoyal usually will not 
have sufficient residence time to efficiently combust organic particulates. 
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1400*F 



ProcrM heat recorery 




ATcomburtion-W'F 



Makeup 
air 70»F 



njut *-14. F¥«"'p»> o€ imiiienittM- on area with primary and leoondarjr 



Safety of preheat (Ai 25 pnT<Mii of \hc I Vl ). oxidaiioii lairs ai (rinpn a(ui<\s 
below llOO^r aic 'Ao\\\ Complclc oxidaiion can iak<^ 'j<^\('ial srioncls Uci ausc iIk- 
gases are in the heat exchange!' lor less lhair a second pieignilion should noi he a 
problem using heat recovery if leniperatures are below 1 ()()() ^F io llOO^K. 

Some problems have occurred in ihc past with ac( iiinulalions ol < ondc iised 
materials or particulates igniting in the heat rccoveiy d< vic< s. If this (kcuis, ihr 
accumulations must be periodically removed from the heal transfer surfaces. The 
user should give careful consideration for his particular set of circumstances to 
potential safety problems. This is especially true if gases at a high percent of the 
LEL are preheated. 

Adverse environmental effects Sulfur containing compounds will be converted 
to their oxides; halogen containing compounds will be converted to acids. A por 
tion of nitrogen-containing compounds will be converted (o NO^ and additional 
NO^ will result from thermal fixation. If use of these compounds cannot be 
avoided, the benefit from incineration should be evaluated against the adverse 
effects and alternate methods of control should be thoroughly explored. 

The concentratioi^oT oxides of nitrogen (NOj^.) is about 18 to Tl ppm loi luuural 
fired noncatalytic incinerators and 40 to 50 ppm foj( oil fired noncatalytic 
incinerators at a temperature of 1500°F. assuming no nitrogen containing com 
pounds are incinerated. 

Effect of technical assumptions on cost models In the cost estimates (Section 
4.2.2.1) for noncatalytic incineration, the organic was assumed to be 50 molar per 
cent hexane and 50 molar percent benzene. For noncatalytic incineration, the two 
important factors are the heat available per unit volume at the LEL and the 
temperature necessary for combustion. For most solvents, the heat of combustion at 
the LEL is about 50 Btu/scf .2 This will vary about ± 20 percent for almost the 
entire range of solvents used (methanol and ethanol are slightly higher). Thus, 
there is little variation due to the type of solvent. 

yhe assumed temperature of combustion (HOC^F) is sufficient to obtain 95 + 
percent removal of the entire range <ff organics used as solvents. 

3.2.2.2 Catalytic incineration --.A catalyst is a substance that speeds up the rate of 
chemical reaction at a given temperature without being permanently altered. The 
use of a catalyst in an incinerator reportedly enables satisfactory oxidation rates at 
temperatures in the range of 500 to 600^F inlet and 750 to lOOO^F outlet. If heat 
recovery is not practiced, significant energy savings are possible by use of a catalyst. 
The fuel Bavinjps become less as primary and secondary heat recovery afe^dded. 
Because of lower temperatures, materials of construction savings are possible for 
heat recovery and for the incinerator itself. A schematic of one possible configura 
tion is shown in Figure 3T5- 

Catalysts are specific in the types of reactions they promote. There are, however, 
oxidation catalysts availalile that wilLwork on a^wide range of organic solvents. 
The effect of temperature on conversion for solvent hydrocarbons is shov^n in 
Figure 3 16. Common catalysts are platinum or other metals on alumina pellet sup 
port or on a honeycomb support. All-metal catalysts can also be used. 




(llran, hoi ^ast'.s 




Figure 8-15. Schematic diagram of eaulytic afterburner using torch-type preheat burner with 
flow of preheater waste stream through fan to promote mixing* ^ 
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The initial cost of tho rataly^i! and its |)<Mi(uli( u-plat cmkmu i cpicifHits. i(-.sp(-( 
lively, increased ( apital and operating (osts l lie lifetime ol the ( ataly\ d( |)( luts 
on the rate of i atalyst deac tivation ^ 

C^ataly^t deactivation The ellectiv^Miess ol a (at.dyst lequnes the acicssahihty ol 
"active sites" to reacting molecules. Kv^ry 4atalyst will begin to lose its eHectiveness 
as soon as it i5 pnt into service. C'ompensati(*il*^or this' nuist be made by eithei 
overdesigning the amount ol ( atalyst in the original charge or raismg the 
tem^Msrature into the catalyst to maintain the required efficiency. At some time, 
however, activity decays to a point whei:e the catalyst must be cleaned or replaced, 
("latalysts can be deactivated norma^ aging, by use at exces.sively high 
tx'mperat*»re, by coating wilii particulates, or by poisoning. C^atalyst lifetime ol 
greater tfean 1 year is coHsidereit*acceptablej . 

\^ Catalyst mat<^*ri?il catJ be lost frym the support by erosion, attrition, or vaporiza 
tion. These processes iiicrr^^^e with tempera>ti,re. For^ metals on alumina, if the 
temperature is |i(*ss. tb>iv l!lOO°P, life will be/3 to 5 years if no deactivation 
mechanisms are i)resejU,^^^t 1250^0 ISOCF, this drops to 1 year. Even short term 
exposure tcyi400 tO/i^^M^ cjtn result in.nt^ar total loss of catalytic activity.^ 

The limited tempeta^^ftj^ange allowable. for catalyst^sets constraints on the 
system. As mentioned. ea^^^^|s25 percetvf of the LEL and 90 percent combustion 
there will be ajj^jLit-«^'iw|fe|p^ rij^ as;^ a result of organic combustion, 

pecause an inlet temo^rature of 500 to 600 °F is necessary to initiate combustion, 
the catalyst bed exit 'nf-niperature will be 11^ to 1220°F at 25 percent of the LEL. 
This- is the upper limit for good catalyst liife and thus concentrations oT greater 
' <han 25 percent oT the LEL cannot be iociherated in a catalytic incinerator without 
damage to the catalyst. Restrictions on tieat recovery options are also mandated. 
These will be discussed later. , ^ ' . 

"\ ' • 

Cpating with particul^ - The buildvp of condensed polymerized material or 
solid particulate can inhibit contacUbetWeen the active sites of the catalyst and the 
gases to be' controlled. Cleai^ng is the usual method for reactivation. Cleaning 
methods vary with the catalyst and instructions are usuall^:giveiiT)y the 
manufacturer. - • 

Poisoning— Certain cpntaminants will chemiGally,react or alloy with common 
catalysts and cause deactivation. A common list ii^EcludeSj^l^sphorus, bismuth, 
ars<?nic,'aniimony, mercury, l^ad, zinc, and tin. The first'five are'considered fast 
acting; the last three are slow acting, especially below llOO°F. Areas Of care 
include^ avoidiM the use oftphosphate metal cleaning compounds and galvanized 
dvictworic. Sulfur and halogens are also cons*clered catalyst ^poisons, Ikit their effect 
is reversible. ; . , , ' , ' \ \ ^ 

Fuel^lilaturargSi? is the preferred fuel f'or catalytic incinerators becaas\ of- its 
jcleanlincss! If properly designed and operated, a catalytic incinerator could 
possibly use distiriate oil. However /mucl^ oly he sulfur in the oil would probably be 
oxidized to Sa_j Which would Subseqii.ently form sulfuric acid mist. This would 
necessitate corrosive resistant materials and would c.ause the emission of a very . , 
uiidesirai^le pollutant. 'TJtierefore, the use of fuel oil (even low sulfur) in,^a catalytic, 
incirtSrator is not Recommended. . , ^ . " > r 



Hear recovery llie amount ot hcai iliai (an br transt(Mirtl lo the (ooU i ^ast s \s 
limiUHi, The usual design is to have the exit tenipeiatiiK* Ironi the catalyst bed at 
about lOOb^^F, If the gas is at 15 percent of the LKL. for example, the temperature 
rise across the bed would be about 875 *^F. and tl^^* gas could only be })reheated to 
about 625 ^K. Siecondary heal recovery is linnted by the ability to use the iccovered 
energy. If a gas stream is already at combustion temperature, it is nut useful to use 
**primary" heat recovery but *\secondary" heat re( overy jnay still be possible. Note 
ifi^i for catalytic incineration, no flame initiation is necessary and thus it is possib' • 
to have no fuel input. 

.... 

As in noncatalytic systems, heat recovery equipment may need periodic cleaning 
lif certain streams are to be processed For a discussion of the safety of preheat, see 
Section 3.2.2.2. 

Adverse environmental effects of catalytic incineration As in non catalytic 
inctfJeTation. if sulfur- or nitrogen containing compounds are present, their oxides 
ymf^^ generated. If halbgenated compounds are present, their acidjiitiivill be 
formed. If it is impossible to avoid using these compounds in quantity, incineration 
may be unwise. 

The concentratrt'bn of NO^ from catalytic incinerators is low, about 15 parts per 
itiillion,2 assurning n(^ nitrogen compounds are incinerated. 

Effect of technical assumptions on cost models In the cost estimates for catalytic^ 
incineration, the solvent was assumed to be 50 mo)ax percent hexane and 50 molar 
percent benzene. Fgt* catalytic incineration, the two important factors are the heat 
available per nnit volume at the LF.L and the temperature necessary for catajytic 
ojiidation. , » • 

As discussed earlier, there is little variation in the available heat from combiis • 
tion at the LEL. 

The assumed temperature into^the catal^^tic incinerator is sufficient to obtain 95 
percent removal of the entire '^^j^jj^^^fif^ 
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Chapter 14 . 



Waste-Gas Flares 



1 he maierial piesenied in (his (ha[)t('i is an cdiutl vdsiDii o( the woik of 

n. 1. Walters and H. B. Coughn, pubhshod in An Pollution Eiifi^vivermg Manual. 

KFA Publication AF 40. second edition. Chaptei 10 (May H)7S). 

Introduction *^ 

Large volumes of hydrocarbon gases are produced in modern refinery and 
petrochemical plants. Ck-nerally. these gases are used as fuel or as raw mate.ial tor 
further processing. In the past, however, large quantit.tes ot the.se gases were ( on 
sidered waste gases, and along with waste licpiids. were dumped to open pits and 
burned, producing large volumes of black smoke. With modernization ol proce.v 
ing units, this method of waste gas disposal, even for emergency gas releases, has 
become less acceptable to the industry. Local and state governments have adopted 
ordinances (fcme of which were part of the State Implementation Plans lor an 
pollution co^ol in the early 1970s) limiting the opacity of sinoke lo 20% or less. 

NevertheleM\petroleum refineries are still faced with the problem of safe 
disposal of volatile liquids and gases resulting from scheduled shut-downs and sud 
den or unexpected upsets in process units. Emergencies that can cause the sudden 
venting of excessit amounts of gases aiid vapors include fires, compressor fadures, 
overpressures in pLess vessels, line breaks, leaks, and power failures. Uncontrolled 
releases of large vofbmes of gases also constitutt a serious safety hazard to personnel 
and equipment. \ 

A system for dispqkl of emergency and wa^e refinery gases consists of a 
manifolded pressure relieving or blowdown system, and a blowdown recovery 
system or a system of flares for the combustion of the excess gases, or both. Many 
refineries, however! do not operate blowdown recovery systems. In addition to 
disposing of emergency and excess gas flows, these systems are used in the evacua 
tion of units duri^shutdowns and turnarounds. Normally a unit is shut down by 
depressuring into a fuel gas or vapor recovery system with further depFessunng to 
essentially atmospheric pressure, by venting to a low-pressure flare .system. 

^A blowdown or pressure relieving system consist.- of relief and safety valves, 
manual bypass valves, blowdown headers, knockout vessels, and holding tanks. A 
blowdown recovery system also includes compressors and vapor surge vessels, such 
as gas holders or vapor spheres.' This equipment must be designed to permit safe 
disposal of excess gases and liquids in case operational difficulties or fires occur. 
Tli«p ^laterials are usually removed from the process area by automatic safety and 
relief valves, as well as by manually controlled valves, manifolded to a header that 
conducts the material away from the unit involved. The preferred method to 
dispose of the waste gases, which cannot be recovered in a blowdown recovery 
systeip. is by burning them in a smokeless flare. Liquid blowdowns are usually^con 
ducted to appropriately desigrfed holding vessels and reclaimed. . , ' 
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A pirssmr irlirviiig systrin usrd iii our imxlci n pcliolruin icIiiK iy is sliowii in 
Anarhmnii M 1. Vhv sysicin is us<><J not only as a salrty mrasuic. I)ut also as a 
im-ans of icaiuiiig the emission of liydiocfrhons to thr atnuvsplici <■ Tins insialla 
(ion aiUially iiu ludcs loui scpaiatr c ollrctinj^ sysKMns. as follows (a) (he low 
pressure hlowdown system lor vapors from eipiipmeiil with working pressuie Ix low 
100 psig. (b) (he high pressure blowdown system lor vapors Iroiii r<iuipmeni with 
working pressures above 100 psig, (( ) the liquid blowtlown system ioi liquitis at all 
pressures, and (d) the light ends hlowdown for butanes and lighter hydiot arbon 
blowdown products. 

rJr liquid portion of light hydrocarbon products released through the light ends 
blowJown system is recovered in a drum near the flare. A backpressure of 50 ps>g 
is maintained on the drum, which minimizes the amount of vapor that vents 
through a backpressure regulator to the high pressure blowdown line. I he high . 
pressure, low pressure, and liquid-blowdown systems all discharge into the main 
blowdown vesel. Any entrained Uqukl is dropped out and pumped to a storage 
tank for recovery. Offgas from this blowdown drum flows to a vertical vessel with 
^.baffle trays in which the gases are in direct contact with water, which condenses 
some of the hydrocarbons and permits their recovery. The overhead vapors from 
this so called sump tank flow to the flare system irtanifold for disposal by burning 
in a smokeless flare system. 

The Air Pollution Problem 

The air poUtvlion problem associated with the uncontrolled disposal of waste gase^ 
is the venting of large volumes of hydrocarbons and other ordorous j^ases and \ 
aeijsols. The preferred control method for excess gases and vapors is to recover 
them in a blowdown recovery system and. failir^ that, to incinerate them in an 
elevated-type flare. Such flares introduce the possibility of smoke and other objec 
tionable gases such as carbon monoxide, sulfur dioxide, and nitrogen oxides. Flares 
have been further developed to ensure that this co nbustion is smokeless and. in 
some cases, nonluminous. Luminosity, while not an air pollution problem, does 
attract attention to the refinery operation and in certain cases can cause bad public 
relations. Noise also can result in a nuisance problem if the refinery is located in 
an area zoned for residential expansion into the property surrounding the plant or 
if a new facility is built close to a residential area. 

Smoke from Flares 

The natural tendency of most combustible gases is to smoke when flared. While 
smoke is the result of incomplete combustion, the in]iportant f^pr^meter is the H/C 
ratio of the gas. Gases with an H/C ratio of less than 0.^8 will smoke when flared 
unless steam or Water is injected into the flare zone. Further discussion of the. 
importance of the H/C ratio is found in Mandell's paper. Appendix 14 1. 
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'I'> |w.s of rhi t vs \^ 

Ihvir arc. in g(Mi<Mal. ihivv lyprs of flaia/loi (he disposal of vvaslc i;asrs clcvaUMl 
Hares, j^routul level Hare.s. and bin ninj^ ^mis 

'1'he burning pits are r<"serve(l loi exlreniely laige f»as flows i ansed by 
latasnopbu cMncMgcMUies in wbieli (he eapaiily of (be pmnaiy Nnu>k<*l(\ss iLnis is 
exeeeded. Ordinarily, the main j^as header (o (he Hare .sys(eni lias .i wa(er seal 
bypass to a binning pit. Kxeessive piessuie in (be beadei blows (he \va(ei seal and 
permits the vapors and gases (o vent a burning pi( wh(*re eond)us(ion oeeurs 

rbe essential parts of a flare are (he: burner, s(aek seal, liquid (rap, eon(rols. 
pilot^urner, and ignition sys(eni. In some ( ases. ven(ed g.ises flow (biough 
ehemieal sobitious to receive. ( rea(ment before eonibustion As an example, g.ises 
vented from an i.someri/ation unit that may (oiKain small amoun(s of bydrof louric 
acid are scrubbed with eaus(ie before^ venting (o (he fVare. 



Elevated Flares 

Smokeless combustirfn can be obtained in an elevated flare by the injection of an 
inert gas to the combustion /.one to provide (urbulence and inspirate air. A 
mechanical air-mixing system would be ideal bin is not economical in view of tl^e 
large volume of gases hatidled. 1 he most conunoidy encountered air-inspirating ^ 
material for an elevatt:d flare is steam. 

Attachment 14-3 shows a recent modification of the multiple nozzle type tip. 
Modern rejining process units with large capacities and greater use of high opeVating 
pressures have increased the mass-flow rates to flares, thus requiring largeV 
diameter ii^. To ensure satisfactory operation under varied flow conditions, inter- 
nal injector tubes along with a center tube have been added. The injector tubes 
provide additional turbulence and combustion air. while the central steam jet and 
attached diffuser plate provide additional steam to eliminate smoke at low flow 
conditions. The flare continues to employ steam jets placed concentrically around 
the tip. as shown in Attachment 14-2, but in a modified form. Noise problems may 
result at the injector tubes if muffling devices are hot used. 

A second type of elevated flare has a flare tip with no obstruction to flow, that 
is, the flare lip is the same diameter as the stack. The steam is injected by a sing|e 
nozzfe located concentrically within the. burner tip. In this type of flare, the steam 
is premixed with the gas before ignition and discharge. 

A third type of elevated flare has been used by the Sinclair Oil Company (4). It 
is equipped with a flare tip constructed to cause the gases to flow through several 
tangential openings to promote turbulence. A steam ring ajt the top of th6 stack 
has numerous equally spaced holes about 1/8-inch in diameter for discharging 
steam into the gas stream. " 4 . ^ 

.The injection of steam in this latt^jr flare niay be automatically or manually con- 
trolled!. In most/rases, the steam is proportioned automatically to the rate of gas 
flow; however, in some installations, the steam is automatically supplied at max- 
imum rates, and manual throttling of a steam valve is reqirii^d fpr adjusting the 
steam flow to the particular gas flow rate. There are many vanations of instrumen 
tation am(^g viirious flares, sOme desigf^s being more desirable than others. For 
economic reasons, all designs attempt to proportjoh steart^ flow to the ga,5 flow rate. 



Steam iiijrdion is j^riuMally l)(Mi('V(Ml to Kvsuh in (he lollowin^ hciu^lns (.i) Cnci^v 
available at irlativrly low los! ran hr ysr<l n> inspiian^ aii and piovide lui 1)iiI(MU c 
within llic tlanir. (b) sit km is with (be inel in Inini (>\yk<*"^'^'<'<' coniponnds 
that burn readily a( lelalively low U mix i aliin .s, (< ) vva(< i )i>as r< ac tions also o( ( iii 
witb ihis same end resull. and (<1) steam rediu es ilw^ pailial piessiiie oi ibe i\\c\ 
and retards polymeri/ation (Ineit gases sueb as nitroj^en ba^ve also been louiul 
effective for ibis purpose; bow( ver. the expense of providin|n tvik b a diUieiu is pio 
hibitive.) 

Multi!ktream-Jet-Tyi>e Elevated Flare 

A multistream jet type elevated Hare (^^) is sbown in Attadimeni 14 4. All relief 
headers from process units combine to a common header that conducts the 
hydrocarbon gases and vapors to a large knockout drum. Any entrained liquid is 
dropped out and puhiped to storage. I be gases then tlow in one of two ways. For 
emergency gas releases that are smaller than or equal to the design rate, the How is 
directed to the main flare stack. Hydrocarbons are ignited by continuous pilot 
burners, and steam is injected by means of small jet fingers placed concentrically 
about the stack tip. The steam is injected in proportion to the gas flow. I ljt" steam 
control system consists of af^^ressure controller, having a range of 0 to 20 inches 
water column, that senses the pressure in the vent line and sends an air signal to a 
valve operator mounted on a 2 inch V port control valve i^i the steam line. If the 
emergency gas flow exceeds the designed capacity of the main flare, backpressure 
in the vent lines increases, displacing the water seal, and permitting gas flow to the 
auxiliary flare. Steam consumption of the burner at a peak flow is about 0.2 to 0.5 
pound of steam per pound of gas, depending upon the amount and composition c^f 
hydrocarbon gases being vented. In general, the amount of steam required 
increases with increased molecular weight and ^he degree of and the degree of 
unsaturation of the gas. 

^^mall amount of steam (300 to 400 pounds per hour) is allowed to flow ^ 
\Vhrough the jet fingers at all times. This steam not only permits smokeless combus 
tion of gas flows too small to actuate the steam control valves but also keeps the jet 
fingers cooled and open. 

Ei4o-Typc Elevated Flare 

A second type of ele\|ated, smokeles%, steafn-injecfed flare is the Esso type. The 
design is based upon the original installation in the Bayway Refinery'of the 
Standard Oil Company of NeW Jersey (7 and 8). A typical flare system serving a 
petrochemical plant using this type burner i^ shown in Attachment 14-5. The type 
of hydrocarbon gases vented tran range from a saturated to a completely 
unsaturated Inateriah The injection of steam is not. only proportioned by the 
. pressure In the blowdown linies but is also regulated according to the type of 
material being flared. This is accomplished by the use of a ratio relay that is 
manually controlled. The relay is located in a central control room where the 
operator has^an unobstructed view of the flare tip. In normid operation the relay is 
set to handle feed gas, which is most common to this installation. ^ 
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In llus inst .ilKil ion . ,\ M<)\vili>\vt^ hr.uici ii>iui\jil\ llif K-^'**"** w.nci s< .U tliiitn 

as shflwii in AttachiiuMit 14 (> I hv vxui ot (hr hlowdowii liin- is (Mjuipjud widi two 
slotirk <»i*i<'<**< J now (iaiis!iuU(M s(M\srs (lu^ pKvssuK* (iiilVi< ntial a( loss [he seal 
drum and traiismit!4llii air signal (o (h<* ratio irlay VUc signal m (Ins irlay is < uIkm 
amplified or atirnnaUMl. drpcMiding upon i(s srning An aii signal is du n nans 
iniitrd to a How ro!itrollcM (hat operates (wo paiallel s(rain valves. 1 he I iiu h 
steam valve hegiiis to opeii a( an air pressure ol ^ psig and is lully open a( f) psig 
The S im h valve starts to ope!i at f) |)sig and is lully open a( If) psig air pressure 
As the.gas flow iiu reases, the water level in (he pipe heroines l<)w< t (han (h<^ wa(ei 
level in the drum, and more of the slot is uncovered. Thus, (he ihllerenee in 
pressure betweeii the line ami the seal drum liu reases This iivh)rma(ion is 
transmitted as an air signat to actuate the Meam valves. 1 lie sloiicd otilice senses 
flows that are too small to he i!idi< ate<l hy a Pito( tuhe tyi)e How meter. The water 
level is maintaine<l 1 iiuhes above the top ol (he orifice to (.ike <are ol sud<len 
surges ol gas to the system. 

A 3-iiu h steam nozzle is so positioned within the sta< k that the expansion of the 
steam just fills the stack and iiiixes with the gas to proviiie smokeless combustion, 
I his type of flare is probably less efficient in the use of steam than some of the 
cominercially available flares, but it is desirable from the standpoints of simpler 
construe tion and lower maintenance cos(s. r 

Sinclair-Type Elevated Flare 

A diagram (4) of an Astallatitm using a Sinclair type elevated flare is shown in 
Attachment 14 7. Details of the burner design are shown in Attachment 14 8. 

The flow of steam from the ring inspira;es air into the combustion area, and the 
shroud protects the burner from wiud currertts ^t\d provides a partial mixing 
chamber for the air and gas. -Steam 1s automatically supplied when there is gas 
flow. A pressure-sensing element actuates, a control valve in the steam supply line. 
A small bypass valve permits a srmaH, coriljnuou» flow of steam to the ring, keeping 
the ring holes open and permitting smokeless burning of small gas flows. 

Groun#Level Flares 

There are fouir principal types of grounddevel^flare: horizontal venturi, water injec- 
tion, multi-jet, and vertical venturi. 

Horizontal, Venturi-typf Ground Flare 

'A typical horizontal, venturi-type ground flare system is shown in Attachment 14-9. 
In this system, the refinery flare header discharges to a knockout drum whf re any 
entrained liquid is separated and pumped to storage. The gae flows to the biKner 
header, which is connected to three separate banks of standard gas burners Q 
through automatic valves of the snap-action type that open at predetermined 
pressures. If^ny-or all of the jpressure valves fail, a bypass liiie with a liqfiid seal is 
provuied (with no valvfcs in the circuit), which discharges to the largest bank of 
burners. " ' * ^ 
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Thr aiHoinatii v.ilvr opiM atioii S( lirdulc is dctci miii< «l hy die (juaiuilv ol j;.is 
most likriy to Ur ivVuvvd to the svstcui \\\r allowable back picssuu' m llir irlmriv 
flair hradri dt'ti-i ininrs the miiiiniuin pirssiiic loi the (oiitiol valvr on the No 1 
buiiUM bank. On th^^ assumption that tho tiist valvr was s<-t at '^ psig, then the 
second valve for the No. 2 huinei bank would he set foi souie higher piessuie. .say 
5 psig. I he quantity of gas most likely to be released then det(MiMiMrs the si/e and 
the number of burners foi this se( tion. Again, the third Inost likely (juantity ol gas 
determines the pressure setting and the si/e of the third control valve l ogrthcM, the 
burner capacity should equal the maximum expected How rate 

A small flare unit of this design, with a capacity of 2 million scf per day. 
reportedly cost approximately $5,000 in \9'^^ (2). Another large, horizontal, 
venturi type flare that has a capacity of 14 million scfh an<l requires specially con 
* structed venturi burners (throat diameter ranges Irom 5 to 18 inches), K pormtlv 
(O.St about $()i»()()0. ^ - 

Water Injection-Type tiround Flare 

Another type of ground flare used in petroleum refineries has ^ water spray t6 
inspirate air and provide water vapor for the smokeles.s combustioii of gases (Attach 
ment 14 10). This flare requires an adequate supply of water and a reasonable 

t 

amount of open space. 

The structure of the flare consists of three concentric stacks. I he combustion 
chamber contains the burner, the pilot burner, the end of^ the ignitor tube, and the 
water spray distributor ring. I he primary purpose of tlKvtit^ermediate stack is to 
confine the water spray so that it will be mixed intimately with burning gases. 1 he 
outer stack confines the flame and directs it upward. 

Water sprays in eJevated flares are not too practical for several reasons. It is dif 
ficult to keep t\f^. water spray in the flame zone, and scale formed in the waterline 
tends to plug >he nozzles. In one case it was necesiary to install a return system that 
permitted continuous waterflow to bypass the spray nozzle. Water main pressure 
dictates the J||ight to which water can be injected without? the use of a booster 
pump. For HoO to 250 foot stack, a booster pump would undoubtedly be 
required. Rain created by the spray from the flare stack is objectionable from the 
standpoint of corrosion of neafby structures and other equipment. 

Water is not as effective as steam for controlling smoke with high gas flow rates, 
unsaturated ihaterials, or wet gases. The water spray flare is economical when 
•£j venting rates are not too high and slight smoking can be tolerated. In Los Angeles 
County, where restrictions on the emission of smoke from flares are very strict, a 
water spray smokeless flare is not acceptable. 

Multijet-Type Ground Ffare . ^ . . 

A recent type of fla^ developed by the refining industry is known* as multijet (6). 
This tyjie of flare was designed toT&urft excess hydrocarbons without smoke, noise, 
or visible^flame. It i$ claimed to be less expensive than the steam-injected type, on" 
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fhc .isMunplion iImI lunv sir-.nn I.imIi!u'v inusi tx' insf.illcii to Nri\r j \frMni jn|r i Ifd 
i1ai<' unit. Whnc iUc sirain ( .in Ix' (1iv<m(( (1 linin iioiu i al ()|)<m adoiis siu li <is 
(aiik hralitig, {he ( om oI (Iu^ nuillijct i]A\r and (lu* skmiii iiispii aliiig (d< v.iK^d (I.ik^ 
may hr siniilai . 

A .sk<M( li oi an iusi.ill.u ion oi a nnil(i)<M il.iir is shown ni A((.i< lnn<MU I I I I I lu* 
(lair usrs (wo sets of l)uin(*is; iUc sni.dl<M gi ou|V^han(ll(\s nonn.d j^as U^ak.ij^i' am! 
small gas rrlrasrs, whil<' hodi l)uin<M groups a\c usrd a( IngluM ihiiing ia(<'#. l lns 
soqiHMUial opriaiion is ( oiui olh'd hy (wo wa(<M s<\d<'d dmnis s<M (o i(d('as<' .u dil 
1<M<M1( pi<\SMii<\s in <'x(i(Mn<' (MiKM g<MU i<\s, (h<' uuiltijiM huMUMs ai<' l)ypass<ul by 
inraiis of a wa((M s(\d tha( dii<'( (s (hr gas(\s (o [he (<mu<m ol (Ik- s(a( k rhi.<i si^d 
l)Iows a( Haling ia((\s higluM (haii (he d<\sign ( apa( i(y ol (Ik* nai<\ A( siu li an 
rx(rs.sivr i4(c, (he cooibusdon is bolh luniinoiis and smoky. l)iU tho uni( is usually 
si/o(l so (lia( an ovri caj^at l(y flow would be a VtWc o( ( U!I(mu <\ I lie oveix apaeiiy 
line may also be designed (o disehaige (hioiigh a wa(ei seal (o a neaiby elevaied 
flare radier dian (o (he (<MUer of a niiil(ij<M sfai k. 

Vertical, Venturi-Type Ground Flare 

Anotlier type of flare based upon (he use of c ommercial type vemuri burners is 
shown in Attachment ^4 J2. This (ype of flare has been used (o handle vapors 
from gas blanketed (anks, and vnpors displaced f rom the depressming ol l>iitane 
and propane tank trucks;. Since (he (onirtiercial vendni burner lecjuires a ceiiain 
minimum pressure to operate efficiently, a gas blower mus( be provided. Some 
installations provide two burners whif h operate at a pressure of to 8 psig. A 
compressor takes vapors from storage and discharges them at a rate of 6,000 cfli 
and 7 psig through a water si'al tank and a flame arres(oi (o ihe flare. Fhis (ype of 
arrangement can readily be modified to handle dif fei eU't volumes of vapors^ by 
installing the necessary number of burn^s. / 

This type of flare is suitable for <elatively small Hows of gas of a constant ra(e. 
Its main application is in situations where other means of disposing wf gases and 
vapors are not available. * ' ' ' 



Effect of Steam Injection ' - . - 

A fla|^installation that does not inspiiate an adequate amount of air, or does not 
mix the air and hydrocarbons properly, emits dense, black clouds of smoke tlfat 
obscure the flame. The injection of steam into th^ zone of combustion causes a 
gradual decrease in the amount of smoke, and the flame becomes more visible. 
.When trailing smoke has been eliminated, the flame is very luminous and orange 
with a few wisps of black ^moke around the periphery. 1 he minimum amount of 
steam required produces a yellowish-orange, luminous flame with no smoke. 
Increasing the amount of steam injection further decreases the luminosity of the 
flame. As the steam rate increases, the flame becomes colorless and finally invisi 
ble during the day. At night this flame appea/s blue. 

An injection of an excessive amount of ste^im causevS the flame to disappe^ir com 
pletely and be replaced with a steam plume. An excessive amount of steam may 
extinguish the burning gases and permit unburned hydrocarbons to discharge to 
the atmosphere. When the flame is out, there is a chango in the^und of the flare 
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hc< au.sr a stoain hifiJk replaces lUc u>ai ot (omlmstion l Uc t (Humkm ( lally available 
pilot buiiKMs air usually not rx(iiigui.sl»<*»l by v\crssi\r ainoimts ol skmiii, and ili< 
llaiiu' loapprais as llw steam inj< <li()n \ Mc is uduted As llie iis< ol aiiiomatK 
instiuiiUMUation becomrs more pievalcnt in llaie njstallations, tb< vise ol ext<s.sivc 
amounts of steam and the emission of unbui ned hydiot aibons dei lease and gieaiei 
stcjtm etonomies tan ho achieved. In evaluating Hare installations IVom an an 
pollution standpoint, eontroUing the volume of sieam is important l oo little steam 
results in black smoke, which, obviously, is objectionable. (\)nversely. excessive use 
of steam prcxluces a white steam plume and Au invisible emissicm of unburned 
hytirocarbons. 

Design of a Smokeless Flare 

I he choice of a flare is dictated by the particular reciuirement,s of the installation. 
A flare may be located either at ground level or on an elevated structure. Ground 
flares are less expensive, but IcKations must be based upon considerations such as 
proximity of combustible materials, tank^, and refinery processing equipment. In a 
congested refinery area, there may be no choice but to use an elevated flare. 

The usual flare system includes gas collection equipment, the liquid knockout 
tank preceding the flare stack. A water seal tank is usually located between the 
knockout pot and the flare stack to prevent flashbacks into the system. Flame 
arresters are sometimes used in place of or in conjunction with a water seal pot. 
Pressure temperature actuated check valves have been used in small ground flares 
to prevent flashback. The flare stack should be continuously purged with steam, 
refinery gas, or inert gas^/b prevent the formation of a combustible mixture that 
could cause an explosion in the stack (5). The purge gas should not fall below its 
dew point under any condition of flare operation. 

To prevent air from entering a flare stack which is used to dispose of gases that 
are lighter than air. a device known as a molecular seal Qohn Zink Company) is 
sometimes used in conjunction with purge gas. It is installed within the flare stack' 
immediately below the flare tip and acts as a gas trap by preventing the lighter 
than-air gas from bleeding out of the system and being displaced with air. A cross 
section of a flare stack and seal is shown in Attachment 14-13. 

The preferred method of inspirating air is to inject steam cither into the stack or 
. into the combustion zone. \%rc there is an abundant supply, water has somctmies 
been used in grouna flares. There >. ha^c^^rj. less assurance of complete combu^s- 
tion when water is used, because the f^re is limited in its operation by the type 
and compositjpn of gases it can handle efficiently. 

The diameter of the flare stack depends lipon the expected emergency gas flow 
rate and the permissible backpressure in the vapor relief manifold syste<n. The 
stack diameter is usually the same or greater than that of the vapor header 
discharging to the stacks and should be the same diameter as, or greater than, that 
of the burner section. The velocity of^e gas in the stack should be as high as 
possible to permit use of lower stack heights, promote turbulent flow with resultant 
improved combustion, and prevent flashback. Stack gas velocity is limited to about 
5O0 fps in order to prevent extinction of the flame by blowout. A discharge velocity 
of 300 to 400 fps, basia upon pressure drop considerations, is the optimum desigii 
figure for a patented flare tip manufactured by the John Zink Company. The 
nature of the gas* determines optimum discharge velocity. ~j ^ 



lUiiv Jmimki (Irsi^ns loi <-lf\. .ucil ll.iics Imvc Ixtti dis. iis-.ctl the irmlt ist r.nn )(l . 
or /.ink. and ihv Fjiso and Siiulaii (ypos I hc (hoiir of huinci is a nuutri ol pri 
sonal pielfKMur. I hr Zink humt'i provides iiioir cffic ioiu use of sK'ani, wliidi is 
important in a flarr that is in ronsiant usr. On (hr othn hand, (hr siinph(i(y. rase 
of maintenance, and large rapacity of the Ksso hnniri uu^ht he important ( on 
sideiations in another installation. 

As previously mentioned, the amount of steam required for smokeless rond)us 
tion varies according to the maximuiii expected gas flow, the molecular weight, ami 
the percent of unsaturated hydrocarbons in the gas. Data for steam requirements 
for elevated flares ate showi; in Atiachnu nt M 4. Actual tests should be run on 
the various materials to be flared in order to determine a .suitable steam to 
hydrocarbon ratio. In the typical refinery, the ratio of steam to hydrwarbon varies 
from 0.2 to 0.5 pounds of steam per pound of hydrocarbon. I he John Zink 
Company's recommendation for their burner is 5 to 6 pounds per 1,000 cubic feet 
of a 30 molecular weight gas at a pressure drop of O.Gf) psig. 

Pilot Ignition System 

The ignition of flare gases is normally accomplished with one of three pilot 
burners. A separate system must be provided for the ignition of the pilot burner to 
safeguard against flame failure. In this system, an easily* ignited flame with stable 
combustion ^nd low fuel usage must be provided. In addition, the system must be 
protected from the weather. To obtain the proper fuel-air-ratio for ignition in this 
system, the two plug valves are opened and adjustments are made with the globe 
valves, or pressure regulator valves. After the mixing, the fuel air mixture is lit in 
an ignition chamber by an automotive spark plug, controlled by a momentary- 
contact switch: The ignition chamber is equipped with a heavy Pyrex glass window 
through which both the spark and ignition flame can be observed. The flame front 
travels through the ignitor pipe to the top of the pilot burner. The mixing of fuel 
gas and airSn the supply lines is prevented by the use of double check valves in 
botly^herfueT^nd air line. The c9llection of water in the ignitor tube can be 
prevented by §e installation of an automatic drain in the lower end of the tube at 
the base of the flare. After the pilot burner has been lit, the flame from generator 
is turned off by closing the plug cocks in the fuel and air lines. This prevents the 
collection of condensate and the overheating of the ignitor^^tube. 

On elevated flares, the pilot flame is usually not visible, and an alarm system to 
indicate flame failure is desirable. This is usually accomplished by instalHng ther 
mocouples in the pilot burner Hame. In the event of flame failure, the temperature 
drops t(^ a preset level, and an alarm sounds. 

Instrumentation and Control of Steam and Gas 

For adequate prevention of smoke emission and possible violations of aij pollution 
regulations, an elevated, smokeless flare should be equipped to provid<f steam 
automatrtally and in proportion to the emergency gas flow. 

Basically, the instrumentation required for a flare is a flow sensing element, such 
as a Pitot tube, and a flow transmitter that sends a signal (usually pneumatic) to a 
control valve in the steam line. Although the Pitot tube has been used extensively 



in flarr systems, it is limited by ihc minimum linrar vcUnity icquiird lo pKxImr .i 
mt-asurablc velocity head. I hus. small gas flows will not aituair the steam (oniiol 
valves. I his problem is usually overcome by installing a small bypass valve to peiN 
mit a tonsiani flow of steam to the flame burnei . Attat lunents l i f) tbiough M 7 
show the steam flow proportioning systems. 
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Attachment 14-1* Typical nioclcrn rcfihory hlo^down sysUMii 
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Attachment 14-2. View of John Zink 
smokeless, flare burner ^ 
(John Zink Company, Tulsa, OK) 
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Attachment 14-3. l>ctail of flare tip showing internal steam 
injection (John Zink Cxmipany, 1 iilsa, OK) 
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Attachment 14-4. W^te-g^as flare System using 
multisteam*jet burn^r^ 
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Attachment 14-5. Wastt-gas flaic system using i;5so-tyi>c burner 
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Attachment 14-6. Water seal drum with slotted orifice foijf measuring 

gas flow to flare 
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Attachmeni 14-7. Diagram of waste gas flare system 
using a Sinclair Burner 
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AuacliiiieiiC 14-8. Oelail of Sinclair flare burner, 
plsMi and elevation^ 
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Attachment 14-11. Flow diagram of muUijct-flare system^ 
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Attachment 14-12. Vertical venturi-type Clare 
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Atuchmcnt 14- IS. John Zink molecular seal 

(John Zink qbmpany, Tuha, OK) ' \ 




Attachment 14-14. Steam requirements for smokeless burning ol 

unsaturated hydrocarbon vapor^ 
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p FLARE COMBUSTION 

Leonard C. Mandril, P, h. ♦ 



I INTRODUCTION 

" Flare Combustion" is a hlBhly^specialized ■ 
typo of unntcady state, exposed- flame- 
burning - - - - into the free atVnosphere. 
It has been, developed mainly by and for the 
Petroleum mdustry. Flares provide a means 
of safe disposal whenever it is impractical 
to recover large and/or jrapid I'eleas^ of 
combustible or toxic gases/ vapors. These 
, rcle^^s may occur* under emergency con *^ > 
ditionn resulting fr^^m power or compressor 
failure^, fires or other equipment break- 
downs; or under day-to-day routine conditions 
of equipment purging, maintenance anc} 
repair, presiiure-relicvint^ and other un- 
wanted accumulations - * — such disp^Msl 
being compatible with the public health and 
welfare. Flaring haii become more of a 
safety or emergency n>easure. Combustible 
releases with heat contents as high as 
4, 000, 000, 000 Btu/Hr. have been 
suc'cessfully flared. 

Flares must burn withottt smoke» withot/t J 
excessive noise, oi* radiant heat. They / 
should have a Wide capacity to handle vary^ 
ing gas- rates and ^tu content*. Positive 
pilot ignition and good flame stability during 
adverse weather conditions art also 
nf cessary. ^ 

Typical gases that can! be sj^tcessfolly flared' 
range f^onft the simiHe^hydrocarbon alkaiies 
through the olefins* acetylenes* aronutics, . 
napthenei* as well as such inorgknic gases 
as anhydrous ami^onia* carbon monoxide* 
hydrogen* and hydrogen sulfide - - - - in 
faqt^ almost any combustible gas - - If 
fefisibill^ty so itidicates. 

Air Pollutioo can result jTrom flare combus- V 
Uofu reiUixe* p<^utidn')abi|^i^^ 

adyersi^ ecological situation^ Air being ^ 
man^s ^niy1trpal an<)i most vital environment 

. ^ makef jthe tbi^^ol pt air p<^Uution a mhjor / 
respoiiejjbliity of th# i^ubltc Health * 

v Prof*asl6n/ v / '^r > 7 - - 
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A survey would indicate that air pollution 
means different things to people. However, 
all of these meanings can be placed in one 
of three categories, namely: 

A Adverse effects upon our health 

B Nuisance irritation to our basic senses 

C Economic loss 

These affects may occur singularly or in 
variou't combinations with each other. 
Experiehce has shown that the slightest 
uhwante<^ change in the air causes gr^iat 
constert^ation among people. . We have 
bjecome Accustomed to expect cet'laXtfUiings 
from the air: * that i^, odorless, Wasteless, 
and invisible - that it should be neutral* 
in regard to Its physical and bio* chemical 
effects. Further, air is expected to fulfill 
certain xiequirements that relate to our 

well-beiijig and enjoyment, namely: 

I 

When respired, air will effect thl^ V 
metabolic needs for our activities \!%lhout 
advef'iie physiological conseqitences of 
either an acute or chronic nature. 

That i ir not be offensive Xo our basic 
senseu of hearing, seeing, feeling, 
tastin([ or smelling. 

That air not cause, damage to our pMperty, 
i)e it buil diiy aa furniture* automobiles* 
J" livest<iqk* vegqtatiA),* or other physical 
or animal assets ^iull of which wquld 
result ixi economic lo|pp.' \, \ 

Accordintly, anything that modifies tb< 
nature of air as we have learned to know 
^iihd enjoy It* may be called an Air Pollutant 

Flares may rightly 1>e classed as slgntficAht; 
potential sources of local pollution because 
they can pmit gases that ar# not oh)y toxic , 
but that can cause property damage* person- 
al injury^ nuisanpe and psychoeomalic Ulpess/ 
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«^;oiiiitfltiiig |ESn|inetr, 'L«pnftrd Mutdtll Associatea. 



Pitittj|i!| ,Str««|/ ^tt>viclenc*/ Rhod* Is1«q4. 
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Toxic ity/ may evolve from the nature of 
the ra#Mrcnt gmvef^ • - a» thm highly 
dangcfous carbonyl chlorides and phthalic 
anhydrides, chlorino. hydrogen cyanide 
--or from products of incomplete incora* 
bastion a^ phenols, aldehydea^ ' organic 
acids, or from products of complete 
combustion as sulfiir oxides and hydro*^ 
jchloric acid vnjpors. 

Properly damage mmy vary from being 
rather apparent as soiling ftom so6t/sm<^ 
or heat* damage froA\ radiant fUmas; or 
more aubtlc as from corrosive damage of 
sulfur trioxide, mist-size aerosols. 

\ 

Personal injury may occur from falling 
and burning liquid ^aeroaols that somehow 
tould hot have arrived at tha bumar-tip 



t 



The^ nulstoce aapect is excelleatly brought 
out by the odor problem from say b^ydrogen 
sulfide or the organic inerca p ta n s. It 
should be noted that noise is als6 bacom-* 
ing a problem — eapecially with high, 
specific ateam ratioa. 

The paychoaomatlc aapect c an be involved 
with onoa knowledge or juai the preaence 
of the fUre ; (in his effective enviromnent) 
whetheTIOris creatOig an inviaible*plume 
or a smokey, sunligtit obscuring plume. 

Henc«. it behooves the "operators " to - 
mihiinise th«a« •tfccta — any of which can 
caaaa not only poor community ralatUma but 
ev«n coatly litigation. It h|« baan tha author 'i 
axparienee that^ aa a pula. industry ia 
1 d«airourxt(b«i|^ a good naichbor and wiU 
do the right~Slnf if shown tha naad and if 
properly handled. 



n BASIC THERMODYNAMICS. 

• « 

it ihpuld be notsdJhat very f • w if any text- ' 
books on combO^UoQ or thermodynamics coor 
tain any information on Amm nok 
withataodiiig tM <^<^t that sacceoaM flare* 
IHiniiat ia e higkay^tpoc<|dii«<l the^haftod^y^ 
combyatlan proceaia Pertmpe^ llii\reaao 
Are Hiat the imlveraal need for flares ia 



relatively very amall and what information 
haa been learned ia treated aa proprietary - 
and ao kept confidential for buaineaa reaaona. 

ni COMBUSTION - In General: 

Aay combuatioo gaa can be completely 
oxidized if expoaed to an adequately high 
tampeiature level for a long period of 
time in anjatn;>oaphere of aufficient oxygen 
and turbulence. 

For purpoaea of thia lecfoi'ft^et ua look at 
combuatiqn aa a continuoua. Highly- coniplex^ 
high-temperature, gaa- phaae oxidation 
proceaa with ver^mpecific character^tica, 
namely: 



A " It inv o l ve a ^^e ry r a pid ch eroicat reaction A 
between the elementa and compounda of 
hydrogen^ parbon and aulfUr and the 
oxygen in^the air. ^ 
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That thia reaction in order to be rapid 
enough reqqirea fUel/alr mixture tamper- 
aturaa much higher than tlv» conventional 
ambient of 70*^, and within definite 
rangea of concenti^tiona for varioua 
corobuatible compounda. 

C Th-^t concurrent heat energy wUl for the 
moat part be liberated and/ or occaalonally 
ba required by the reaction to maintain 
ita continoity. The common oxidation 
reactlona of carbon* hydrogan and aulfkir 

« are axotharraie liberating 14. 500 EftU *S 
and 4000.13TU*Sperlb. -aoUd of carbon and 

' aulAir, and 81,.0OOBTU*S/lb. of gaaeoua 
hydrogen reapactivaly: 

Tha water- gaa reactlona of: 

, ^ ^ ^ ««^H Theaa reacttona^ 
I C +HaO-CO-^H2 are^mita.rapld 

- *x ^« «« at tanjparatarae 

1850**F. 

require heat Inputa of approximataly 

S90O^«060 BTtr /lb. carbon. 
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Flare Combustion 



D Thmt the combustion process requires 
close control of adequacy snd intimacy of 
contact between the gaf fUel mnd the 
oxygen moleculiss io order to obtain 
complete combustion; otl^erwise^und^sir- 
able pollutants such as soot, smoke, 

, aldehydes anc) carbon monoxide, etc. will 
be formed* 

E That the reaction occurs with presence 
T}t a lumlnQus flame. Certain Basic 
Concepts must be understood; 

L. E> L . or Lower Explosive' Limit or 
lower inflammable limit: This is the 
leanest mixture- (minimum concentration) 
of the glis* in-air which will support 
conobustion (where flame propagation 
occurs on contact with an ignition source). 

U^Ewl^ jr >or^ UM|aj^ gaqritosi^e* Lrimtt e^ Thls> 
is the richest (Maximum proportion) of 
the gas in air which will propagate a 
flame. 

Autogenous Ignition Tertperature or 

A uto ignition Te mperatur e: l^KiTminlmum 

temperature at which combustion can be 

initiated: 

It is not a property of the ftiel but oi the 
ftiel/air syptem. It occurs w^n the rate 
of heat gain from the reaction is greater 
than the rate of heat loss so that salf- 
sustained conUiHistlon occurs. 

Flame Propa^tion • xThe speed at which 
a flame wij[l ipritad through a combustible 
gas-'slr mixture ftom its ignition source* 
it jis usually lower at L* E« L^^ and tli« 
I^. L. / and hightr at the middle of 
range. 

FlanM^ A mats of inUms«ly, h««ted 
fkB III a MjMtm of corabttftloa whpf f 
lunainoiiitgr la du* to tlM pr«tftio« of 
uB«0Qium«d« laieaad««<!tet, firaetibaal- 
fis«d, parUol«!»''' mainly e«tbQ(i. (8ihall 
" p«rtlcl«0 ci autpandad oarbon/$oot formed 
by eraoklitf 9f liydrooarlMMkf ); ytelblUty ' 
c«M«a at compl«f(l cdmbus^iiiiB or whtrt 
th« of ttia *ah oaaaaa. - 



Infra Red Radiation : Is, for the most 
part an Invisible, electromagnetic 
phenomena. Relatively large amounts 
of hMt are radiatediat elevated tempera* 
tures by such gases Ws carbon dioxide, 
water vapor, sulfur Irioxide, and hydro* 
gen chloride. The L R. spectrum begins 
at 0. 1 micron wave Ibngth and extends up 
to 100 micro^. For reference, L R. 
solar radUtion^lO, 240C>F) liesr within 
the 0. 1 to 3 micifon ruige. j[We know 
that a large propmijticn is emitted in the 
visible band of 0. 4 to 0« 8 micron. A 
2300^ black body emits most of its 
energy between 0. 7 and 40 microns. For 
the discussion at hand, (temps between 
150Q and 2500^F) radiant emispixm may 
be assumed betwMzv-OrS micron and 50 
microns witl;^ mi^mum intensity occur 
ringatthe2 micron wave- length. 



ing is important in that the attainment 
of satisfactory' combustion requir^e ' 



\auffl 
temi 



ufficient, high- ambient, reaction . 
mperktures, and an adequate oi^gen- 
fiitl mixing. Both phenomena are^ related 

to time /probability functions. 



IV 3ASIC COMBUSTION CONCEPTS AS 
APPLIED TO FLARES: ^ 

A Qaseous fuels alone are flared. because 
ttiey: 

Bum r^;>idly with very low percentage 
of axoess air resulting in high flame 
' ten4>eratures. 

Laave little or no aah rasldue. 

' Ara adaptable to automatic bontroL 



:B The natural tendancy oTmost combustible 
gaaes^Hfrhen flared is smoke: 

An imponant parametar ia k/C raUo» 
Sxperlanca baa shown thai wim ta(ydro^ 
carlym gaaaa aaoh aat Aootyl#ne <C|li2) 
with a R/C ration e 0. 063, real blac(^ 
•oQt wUl raiult fk^m 0lis^U burnlnf 

Propane (CsHg) with a H/C ratl$ s^. U 
oraataa black amoke^ 
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Ethane ^CoHg) with a H/C » 0. 25 - a 
bright yellow name witto light trailing 
9mokc wUl result. A R/C of 0. 28 glvea 
very little if any smoke, and methane 
(CH4) with a H/C of 0. 33 gives a bright 
ycU<^w flame with no smoke. 

If tho H/C is less than 0. 28, then steam- y 
injection close to^e point of ignition into 
the flame ntakes me Clare sniOkelesa. It 
should be noted that steam injection can be 
applied to the point ot clearing up the 
smoke and reducing luminosity before 
reaching the point of extinguishing the 
flame. Hydrogen is the cleanest* moat 
rapid and highest- heat evolving fuel 
component. It helps to: heat the carboo 
and also provides for better carbon/ oxygen . 
contact which results ^ cleaner burning; 

- a lso, t h e re ac t io n o f ^ c a rb on , mo n oyide -to 

carbon dioxide goes much easier in the 
presence of water vapor. 



C In flare burning of sulfUr-beaf ing com- 
pounds: approximately 90% or more 
appears as sulfUr dioxide and 10-^30% of 
the (SO2) mutually appears as sulfUr 
trioxide. Blue grey smoke becomes 
visible as the sulfur trioxide falls below 
its dew point temperature. 

D In flare burning of chlorine- bearing 

compounds, most will appear as hydrogen 
chloride vapor. However, appreciable 
quantities of chlorine will remain. 

E A relm^oQ exists between the auto- ignition 
tem(M^ature of the gma«^ its calorific 
value and its ease of suecessfUl flare 

burning* 

At 806^F ATT: A minimum H.V. of 
200 BTtJ/cu« ft IM required. 

At 1150^ AIT: A minimum V. of ^ 
38CLBTU/ cu. ft is required. 

At ISdO^F AIT: A minimum H. V* of 
500 BTU/cu. ft Is required. 

P Since the^ heat cpnt0Dt of mftoy gMes vary^ 
much below 100 bTU/cu.ft« and since 



com\>lete burning in required regardless 
of the weather; pilots are used to initiate 
ignition of the Hare gas mixtures. and 
to help maintain flame temperatures tp 
attain rapid burning* 

G Yellow- flame combustion results from 
the H^racking of the hydrocsrtwn gases that 
evolve Incandescent cartKxi due to inade* 
quate mixing of ftiel and air. - Some flames 
can extend to several hundred feet in * 
length. ^ 

H Blue- flame conr^ustioci occurs when water 
(steam) is injected properly to^ alter the 
unbumt carbdkK 

I Actual Flare Burning Experience (John 
Zliik Company) 

(Dilution/ Temperature Effects for 
acet|rlene in air) 

C2H2 ©1900<>P tempei'ature will bum com- 
pletely in 0.011 sec 50% Dilution 

C2H2 0 1800^F temperature will i^um com- 
pletely in .016 sec. — 75% Dilution 

C2H2 © 1800®F temperature will bum 
completely in , 034 sec —90% DUutlon 

C2H2 9 I8OOOF temperature will bum com- 
pletely in .079 sec —95% DUuUon 

C2H2 0 a80b<>F temperature will bum com- 
pletely in 1. 09 s«G —99% Dllutite 

C2H2 • 1800*^ temperature will bum com- 
pletely in 4. 08 seo --99. 5% Dilution' 

Note: The 4. 08 sec. time 4 186o9p falls to 
less than 1 sec. 0 2000<^ temperature^ 

J Flared gases must be kept at .temperatures 
equal to or greater than auto ignitiab 
temperature untl^comtHiation is conq>lete« 

K Carbon monoxjMe bums rapidly with bigli 
heat ancffUuM temperature^ whereas 
carbon burntf relUtively slow/ 
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L A sniokeless Hare results when an adc- 
<)ual< amount of air is mixed suffirirntly 
wiUi fuel so that it burns iompleloly be- 
fore- si<i<- rcac lions cause Hmokc. 

What is Required^ Prcmixlng of air 4 fuel 

Inspiration of ex< ess air into the 
comlujstion vione 

Turbulence (mixing) and time 

Int roduetion of atcftm : to react with 
the fuel to form oxygenated compounds 
that burn readily at relatively lower 
temperatures; retards polymerization; 
and inspirates excess- air into the 
flare. 

Note: 1) Steam also reduces the length of 
an untreated or smokey flare by 
api«-03ci«Ti»4e4y-l A3 crf-ii^-^eng^h. 

2\ With just enough steam to eliminate 
trailing smoke, the flame is usually 
orange. More and more steam 
climinates^the smoke and decreases 
the luminosity of the flame to yellow 
to nearly white.^ This laimt appears 
blue at night. ^ 



M The luminosity of a flare can be jjrcaily 
rc<Ju( ed by ysinn sny ]f^0^„ of stf am 
requlro<l for binokelesft opcM^ation. Sint e 
a major portion of flame originates from 
contained lncandcsc:ent earbon. 

N Water sprays, although effc< tivc^ in low- 
profile, ground- flares, ha'^e not been 
effective to date in elevated flares. The 
water although finely atymized, passes out 
and away from the flame without vapo^i^- • 
ing or intimately mixing with burning 
gases especially where any kind o( wind 
occurs. The plugging of sprby nozzles . 
is also a problem - the *'Rain" from 
spray that. may fall near base of stack 
is very corrosive. 

Note: ftecent water shortages dictate the us^ 
of steam since specific water wastes of 
1-2 lbs. water/lb. of gas Is Customary. 

Approximately 2-3 times as mvfch 
water as steam Is needed for ground- 
level flaring. ! 

O The following table summarizes some 
pertinent gas characteristics for flarini 



GAS PROPERTIES RE-FLARING 
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V TVPl* S OF FLARES: 

Flare u afe ^arbitrarily classed by the alevation 
at which the burning occura; La.-- Tha 
ciova ted* flare ^ tha ground- flar a and the- PiU 
Fdch has ita proa and cona. Xa ahould be 
expected^ the leaat expenaive flare will 
normally bo used to do the re<:iuired job- 
compatible with the safety/ welfare of the 
Cohipany and the Public* 

A Tha^^ -fc rulfti „ 

the least expenaive. It ban handle large 
quantities such as'U.OOQ cfm or 
20, 000, 000 cn. ft>/day . It coniiata of 
one or more banka o^ burnara set hori- 
zontiUly in a concrete/ refractory wall. 
The other thx^ee-^ides are earth- l)anka 
approxinmtcljMI ft. high. Tha typical 
ground-area may be approximately 
30 ft X 40 ft. The pit excavation may be 
6 ft. deep, all burners discharge hori- 
zontally. The bufntfra may vary from tha 
simple orifice to t^e batter venturi - 
aspirating units with pressure- valve re- 
gulation. Piping and appurtenancea include 
pV-oper pitch/ Ichoclt-^out druma,, liquid 
seals, imd constant- burning, stable pilota. 
As a rule, burning pita are the leaat 
satisfactory but also are leatot expensive. 
However, if location 4nd air pollution are 
not aignificant, the pit method becomea 
attractive. 

' Note: RothschUd OU buUt a 2« 000« 000 Scfd ^ 
(standard cubic feet per day unit) in 19S3 
for $5,000. 00^ 



) B Ground Flarea: In general^ ground flarea 
^ require approximately 2^ timea aa much 
' steam to be f mokelesa aa elevated flaraa. 
They als^o require much more ground 
space. At leaat « 500 feet radiua ahduld 
be^owed all around the llare. Ill adWi- 
tion to the burner and eombuatioii 
auxiliariea, ground flarea alao require a 
ground- ahield for draft tiootrol and at 
timea a radiant ahield for htat and (ire 
PC5>tectioii« Mehce^ large op#n sireaa are 
needed for flrVaafeiy (i^entgr of real^ 
eat»tt) iml Mr poUtttiM attenla*tloQ« 
Ground flaraa cjlo howev1|r offer ^ ad* 
vmntagea of leaa public vialhlUty ind Malar 

^ . % 



burner maintenance. The cost of present- 
day, grouAd flares as a rule are more 
expensive than elevated flares. However, 
they may also cost lesa <lepending upon 
location rcquirementa« Ground flarea are ' 
normally doaiirned for relatively email 
yolumea/ v^th' a maximum amokeleaa 
operation up to approximately 100, 000 
atandard^ci^ic feet per hour of butane 
or equivalent. TMre ia heat st^rilixation 
of areaa out to a ridiua of approximately 
100 tu At l«aat 3 typem are known to the 
authorV the'Esao smokeleaa 
and Non-Luminoua Flare, the conventional 
center nozxle with spray water for inapira- 
tion of combustioii-air; and the dry- type 
for clofm burning gaaea. 

Typical water apray flare-design 
requiremtfiita are; 

The 8pf*ay muat. intimately mix with 
, the burning gaaea 

\heae gases require an outer ahell to 
retain heat and flame. 

ConJouation air of at least 150% must 
be allowed to enter the baae through 
the aurrounding shells. The higher the 
molecular weight of the gaa, the 
greater the apiray rate: Example: 

200, 000 Scfhr. M.wt.^ : 28 30-40 psig. 

035 gprn^.;" 
^ ia required. 

^ 200^000 Scfhr. M.wt. s 37 120 palg.9 

80 gpm. 
ia required. . 

Back in 19S9« Eaao lUaearch developed 
tha Multl- Jet Flare. It operatea tn a 
amokeleaa and non-luminoua manner 
with vary little nolae. Tha fltra requiraa 
little of Vbm cenvcational auxiltariaa« It 
cenatated of jkjBf)rimB of rowa of horlaontsa^ 
pipea containinf 1 inch diameter jata that 
aervad aa burnara. Theae burnara were 
located at the baae 6f the atack approxl- 
itely 2 fU above ground le^eL The Jeta 
^a flaiharholflera (rode) to provide 
afw^ turbulence for. adequate air- mixing 



\ 
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for smokeleBS combustion^ 32 ft. high 
. «tack wan required to shield the flame. 
A 3 ft» diameter flare handled up to 
140,000 standard cu^ic feet Mr day^mnd 
a 6 f t« diameter stack up to 66o, 000 Scf / 
da> It operated with a 25 ft« high flame. 
^ cost comparison with other flares 
types at that time was made: - Based on 
12.000,000 Scf/ day of a 40 Moh wt« gas, 
the multi-Jet cost $148,000. This was 
twice the cost of ai^ elevated flare without- 
steam, or one half the cost of an elevated 
flare with steam. This was also about 
' tifiTe'Vame"^ 
water. 

C Elevated Flares: ^ 

This .ty^ of flare provides the advantages 
of desirfble location in associated 
equipment* areas with greater fire and 
heat safe^: also considerable diffusion/ 
dilution of stack concentrations occur 
before the plunfie* gases reach ground 
level. 

Major disadvantages are: 

1 Noise problems result if too much 
steam is used ^ 



2 Air vibrations severe enough to rattle 
windows 1/2 mile or more away. 

There are 3 general types: 

The non- smokeless flare which is 
recommended for relativcily clean, 
open-^air, burning gasee such as hydro- 



gen, hydrogen 



methane, and ammonia. 



The smokelesi 



sulfide, carbon monoxide. 



steam injecti(» 

b]f low" H7cTi^^ Vs 
acetylene, propylene, afid butadiene^ 



fla^e which .incorporate^ 
to obtain clean burning ^ 



2 Rows of 
lubordinate ports 



jSteam jets 



Steam 
manifol 



Flared gates 
to atmosphere 

i i 



The endothermic type which incorporates 
auxili|iry nrwans of adding heat eKergy 
to the vent gases of low heat contents 
in the 00- IQO BTU/cU. ft. ). This flare - 
may or may not operate smokelessly. 

Elevatf d flares require special burner 
tips^ special pilots and ignitora^ wind 
screens^ refractory linings and instru* 
mentation — for acceptable performances. 

Let us take a moment and reView what 
happens at the flare* tip« 

HAPPENINOS AT THE FLA|^ TIP: 
Pilot tip 




Supply 
riser 



Flame front 
ignttei^ip 



Igniter 
tube 



gat-air mixture 



GooUng^ 
aiV^up 



1 



I Urc Coinbuation 
? 



Gt& is ignited jukt at it r«»ch«9 th« 
of th¥ f tAck. B^ore adt.^uat* osQrgen/fu«l 
mLxing chn occur throughout th# •ntlr« 
gas profile cer%in thinga occur: 

Pitlrt of tha gaa burna immadlataly 
resulting in an ozygan daficiancy which 
induc^a carbon- for roatlocu 



Tha unbumad- gf aaa crack to f6rm 
amaller olaflna and paraffins; and at 
tha tMiM tima aoma molaculaa poly- 

More carbon la created from coa^bua- 
tloiTof theae newly fornied compobnda ^ 
in aVeducix\g atmoaphere. 



The long, lufminoua^f^ame in ordinary 
flaring la made up of incandaacant, 
carbon particlea which form amoke 
upon cooling. Steam- naixing auppraaaea 
carbon foVnuition by: 

a) Separating the hydrocarbon mole- 
cul^, thereby minimizing 
polymerization. 

' b) iSlmulUnapualy forming bxyganatad 
compounda which bum at a raducad 
rate'/tomparmture not conducive to 
cracking/ polymtrisatlatu \ 

Note: Tha abaanca.of Incandaacaot carbon 
' Alao givea tha appaaymnce of a ahorter 
name. 

That the idaa-^ injecting water/ ata^m 
into flaraa ocigioated at Eaao Rafinary 
. in Everett, Maaaackuaatte. 



VI TYPICAL DiS10K CONSIDEIIATIOWS AND 
PARAMETERS • 

# ■ ■ ' 

; A , Ignition and atabla^bominf mupt ba 
inaurad; 



B Cecity muat handle tha maximum 

e^cted quantity if toxic, or a eUtiatical 
compromiae of the maximum expected 
relaaaa. Thia may indicate normal 
operation of 1-5% of theae capacities. 

C PUote muat be aUble i^ high winds (80 mph) 
^ and heavy raina. 

D Pilota muat ba igniteble in high winds 
(80 mph) and heavy raina. 



JC Tha height of the flare ia determined ^ 
by fire and h^iat safety. DiluUop may ^' 
alao ba important from an air pollution 
atand|k>int« 

F Steam raqiiiramente are related to the 
H/C ratio (wt.). For H/C raUoa greater 
than 0. 33 - no steam te needed. Lower 
ratioa can demand up to 2 Iba. ateam/lb. 
of vantrgaa to obtain amokaleaa operation* 
Aa a rule. 0. 6 lb/lb. appeara to ba the 
^average raquiredt Steam requiremente 
are juroportioaal to tha degree of 
unaaturation and the molecular weight 
of tha gai^^l>eing flared. Flarea are 
deaignad to be amokaleaa f^r up to 15% 
of c^aeilgr only. 

G Sisaa may vary from li ii|ch pipe to 
120 inch diameter. 

H Tha burning rate, can 9wjry from 0. 5% * 
100% of daaign. ^ 

I Syatema i«p to 1. 000^000 Ib/hr. of 43 mol. 
wt« • 700^ have bean flared. <Zink) 

J Typical date for hydrogen aulfida flaraa 
would appear aa follower 
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Flare Combustion 



DATA 

" r 

lb»/.hr; 

cfm 

cfday 

flare size ^ 
cost installed 
type 
tteati) 

flame dimensionB 
Ht, abovj5 ground 
to ne|atejieat ^ 
effects from flame 



SIZE OF FLAME 



60D Ibs/hr, 

164,000 of day 
3 inch diameter 
$2300 

non smoking ^ 
no' 

10 ft, ht^ X 1 ft. diam. 

^ 50 inch* 



^ May be much hioher for air pollution control. 



10. OOflk Iba/hr 
1900 cfm 

2, 750,000 cf day#» 
12 Inch diameter 
$5800 

ndn smoking 

no' 

40 ft. long X 3 ft. diam. 
85 Inch* 



K It should be noted that radiantil flame 
effects can be serioua. Radiatibn and 
solar heating should not exceed 1000 
BTU/HrJ'Sq. Ft, at ground level with 
700 BTU/Hr./Sq. Ft. froS the flame and 
30P from the sun. (Zink) 

'l The^gnitors operates only to start the 
pilot. The pilot burns continuously,. A 
; 2- 3 inch dlameterVlare requflres one pilot. 
.A ^4- 6 inch diamfter flare requires two 
pU6ts and flares greater than 6 inch dia-> 
meter requires three pilots. 

M Auxiliary heat is needed for gases wit^ 
lower heating values of ftrom 60-100 ^TU/ 

Ctt.ft. 

N Flare heights range from 25-375 ft. with 
flame radiatldn being the determining ' A. 
factor. V P 

\ . ' • ' 

(KitydrDgen, carbon monoxide, and ammooim 

bum smokalessly without assistano*. 

T«nd«ncy for smoking >«gins H/C of 
* 0. 25 And |>«com«i heavy «H/C of 0. 20, 

^ to gtntral, ttare operatioQ of gases l«as 

ttutb 190 BTU/eu,lrt. h«at content b«com«s 
A quit* crttical in point of mainttnanoa . 
of igdltioo in aU*w«ath«r oooditlions, . 
Httrt andqthf rmio daslfa is ntadsd. Only 
yar^ tew ara in ii«a^ Usually, ^y art 
limitad by aoanp^ci; to lisas Uts than - 
5, 00b, 000 BTtJ/lir s<julyalant of ^ 
auxiliary fual. 



R steam tamy also be requii'ad for )>reheating 
in very cold areas ^ besides, being 
needed for smoke control. 



Vn AUXILIARIES REX^UIRED FOR SUCCESS- 
FUL FLARU OPERATIONS: 

A Flare Tips of Inconel or other stainless 
alloys with steam jets, air cooling, 
stabilising parta. etc. 



B Ignitors are used to light the pilot at 
start-up or at Pilot flame failure. 



Ac 



^ ^!ot Bumera to light flara and ke«p It 



D Mlat Trap t %> ramovt fbi«, liquid aeroaoU 
from reaching ttia stacIC 

^ Flame arreatdr : to pr«yeiit flam** travel 
back Into piping. 

7 Liquid saaU To raduca pulsations firom 
aurftll: to^rarent air from antaring 
vent-jpts Una's: to pravant ravarsa-flam% 
flaah-bacik. 



O t'loir Sanaora for stsam eonirtkl 



tt Pilot fU^m* datsctors 
I ' Aftto reiinition system for "feiloU i 



^1 



J shyoudt •r«,iii«tT>tjr**l'^valu« in smok* 
cJitroi. how«v«r, th«y can b« u«€d in 
pr«v«nUng downwash* 

Nou. Tb« pUoU InltUU comlmstlon of th« 

fl»r«d fas«s. Thiy »l«o h«lp to hmm.% ' 
and malntaiii fUmt tompa. Tha ig* 
nltioa ayftam conaiata ot pramlxad 
15 palg. ftoal gaa/air mlxtur* that U 
prc'ifnttad in a spaeial in-llna. plpa- 
chambaf by a apark plug. Tha Oama- 
. front, undar flow-praaaura, travala 

...^ . . 4hreugb ^ l JnchJlgniter piRr .to. tha 

tip of tha pilot burnar. Onca tha pilot 
la ignltad, tha fual and air valvas ara 
closad. Time for i^iitioa of all J, 
pilota avaragaa 1-2 minuUa. Pilota 
must iium at a rata of at Uaat 
30,000 BTU/hr. each. 

vra MATERIALS OV CONSTRUCTION: 

Raflec^on will indicate thai many flara-gaaaa 
are corroalve at normal atmoaphara tampar- 
atureii. Chemical activity, as a rvlm, 
increkaea with incraaaing tamparaturaa. 
" Henca. tha salactlonr of suitable matarlala 
for the handling/^convaylng of these gases 



-- ccpcclaLly at the Qare-tip becomes signi- 
ficant to the feasibleness of this particular 
method of combustible, gas disposal. 

It should bm r«m«nib«r«d that metals or 
allciys provida tha function of corroalon-/ 
rasiatanca by althar formation of a surfa^ 
film or raaiatanca to chamical acUvity with 
tha anviroomai^tal matariala. Accordingly, 
athar corroalva factors aa yas velocity i , 
thermal ahock and catalytic Influences must 
be conaideraa'in addlUoo to temperature 
effacta. Another practical cooaideration 
ia the deleterioua carbide precipiUtion that 
reaulte from tha welding procaaaa It removes 
aoma of tha corroalon raaiathnt and strength 
conatituaj^te from the alloy. 

Tha staiikleaa-atael. iron alloya (approxf- 
mataly/74% atael) are at preaent. the mofX 
feaaible matala for flitte conatructioa. Tha 
atainleaa ataala cOmpbaip a daaa of nickel 
and chrominum aUoyi that owa their 
corroalon raaiatanca to the high metal content 
and tha atrength to the chromiivia. Tenacious. 

protvctlve film developa especially 

in oxidising atmoaphara. Typical atainleaa 
compoaitiona are: 



TYPICAL STAmUCSS STEEL ALLOYS 

ALLOY % Cr % Wl %C % Mo ^31 9SL^ 

304 18- ao 8-10 .08 max. ^ 75 max. 2.0 max. 

316 18-18 10-14^^ .10 a-3 . 75 max. 2.0 max. 

347 ' 17-1» 9-12 .10 .75max. 2.0max. U0% max. 

14.18 — ^-^ ,^2 .75 max. 0.80 



430 

BaataUcQr*a X . X 

iBccoal 10 84 
(8% Fa) 



304 




14-SO f 



Fl«r^ Coinbufltlon 



Leading suppliers of special stainless stasis 

arc International Nickel Company; Haynes 
Stellite, Division of Unipn Carbids; Carpenter 
Steels^ etc. 

Experience has showrn thafc 

\Typei304 s. steel is satisfactory for 

1600^ "^sulfur exposure 

y rrype 309 s. st^al is satisfactory f<5r 

2000^F * sulfur exposure \ - 

Incon'el - a high heat resistant alloy for 

"7 r ^ ' KydFogeii^'s^ 

isfactory for hydr€>jgen chloride, 
^ V sulfur dioxide or sulfuric acid ^ 

/, v|ipors. \ 

Hastelloy - (fecial s« steel) manufac- 
tured by Haynes StaUite is 
good for SO3, H2SO4 and Hcl. 

Hastelloy B for chlorine i^esista^e, 

HjSO^' 

Hastelloy A for HcJ, HjS, SO3, H'jSO^ 

» . . '■ 

Type 430 is suitable fbr^i(ei-al uLe up 

to leoo^F ' . 



In the final analysis of material selection, 
the cost of replacemetfit must be carefully 
weighed against the longer life and^higher 
initial cost of the most resistant materials. 
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Chapter 15 

Combustion of Hazardous Wastes 

f 

Government, industry, and environmental groups have become increasingly aware 
of the need for environmentally acceptable ways pf treating and disposing of 
industris^l wastes in general and hazardous wastes in particuFar. Incineration pro- 
vides ohe pocvble method to dispose of a large nurpber of combustible waste 
materials. ' ^ 

Amonj^ the advantages of using incineration ^for waste disposal are: 

• Con^bustion technology is reasonably well developed. 

• Incineration is applicable to most organic wastes. ^ 

• ^Heating vjj Uie^ of , com bjw may be reco v^r abAe ,^ , , , _ _ 

• Large volumes c^n be handled. 

• Large-land area is not required. ^ ^ 
There are^ of course, some disadvantages as Well: 

• Requires costly equipment whi^h may be complicated to operate. 

• May reqiiire auxiliary energy. 

• Not always t|[ie ultimate disposal — sQlid residue (hsh) may be toxic. 

• Combustiwi products may be polluters which are hazardous to health or 
damaging to property. • ^ ' " i 

The decision' on whether or not to use incineration will depend on its ' ^ 
environmental adequacy and total costs, in comparison With other disposal options. 

Many tjrpcs of incinerators have been used^for thermal destruction of hazardous 
iHaterials'. These include rotary kilns, multiple* hfiarth incinerators, liquid-injection 
incinerators, fluidized beds, molten salt devices, wet <>xidation, plasma destructors, 
multiple-chamber-incinerators, gas combustors, and pyrolysis units. The 9peration 
and capabilities of ^hese devices Jias been summarized (1), based primarily on the 
TRW $y8j^ems, Inc. Report entitled "Recommended MetKods of Reduction, 
Neutralization » Recovery, and Disposal of Hazardous Waste"(2), where ipme results 
on incineration of specific materials ^e pre^nted as well. 

iCnowledge of sp^ific Incineration criteria for individual wastes is still very 
limited. Generally speaking, only or|^ic materials are cjindidates for incineration, 
althouff)} some inoqgranics can be thermally^ degraded. Halogen-containing organics 
emit extremely corrosiye hydrogep halides necessitating careful selection of v. 
materials for construction and scrubbing of emissions. Organic materials containing 
dangerous heavy metals (such as Hg,. As, Se, Pb^ Cd) should not be incinerated 
unless the emissiouM dfsthe metal conj^ponents into the environment are l^nown td be 
hannless 6x can be controlled by pollution control equipment. SOx emissions from 
8ulfunr*c6ntaii|ing materials may need to be removed if present in appreciable con- 
centrations. NO^ fonnation can be minimized by keeping incineration 
temperaitures low— below about 2<dOO*^F.. The dcstmction ratio of a gi\^n material 

incineration depends to a largje extent on the temperature and the dwell 
(rcfidencfc) time at that temperature.^ Incinerators burning hazardous wastes should 



be equipped with autoinaiic Iced ( ui off provisions in the event ol eXiiei A llatne 
out or a reduction in iea( tot tenipeiatute below thai tecpiiied foi eotnplete 
combuscion. 

Halogcnatcd and Sulfonated MatcriaU ^ / 

Chlorinated and sulfonated solvents can be handled by incineration, but this alone 
will not eliminate air pollution. Chlorinated hydrocarbons with hydrogen to 
chlorinc^^ratios of at least 5:1 yield hydrogen chloride; those hydrocarbons with 
ratibs less than this are likely to yield other chlorinated products which are difficult 
to collect. To avoid the latter problem, excess natural gas or steam needs, to be 
injected to produci- HCl, whfch will tHewT have to be scrubbed from exhaust gases. 
Note that flaring chlorine containing substances is not an acceptable conirof 
technique, and it is to be considered for emergencies only. . ^ , _ 
' Scrubbing of incinerator exhaust' can be accomplished by conventional spray or 

packed rower-rype scrubbers, or by submerged corabu»tiwa incineration (3) as 

shown in Attachment 15-1. Similat systems f9r liquid waste disposal are discussed ♦ 
. in References 4 and 12. The scrubber liquor has to be neutralized Ijefore disj^sal. 
Attachment 15-2 illustrates a water quench and a scrubber combination for 
cleaning the incinerator exhaust from halogenated liquid waste which was treated 
at 1.800°F for one second (12). Water scrubbing will not be sufficient to eliminate 
SOx produced by the incineration of sulfonated inaterials." Caustic solution or lime 
slurry are used for this purpose. _ — ~-_4 

Chlorinated and fluorifhated plastics - such as PVC, Teflon, and others -can 
present considerable disposal problems. Incinerations of these materials or their 
.ga3COus monomers will release HCl and HF. which are not oi^ly serious poUutamsr 
but also very corrosivt. Exhaust gas cleaning fs therefore required, \i8ually by some 
typic of scrubbing device. 

Petticidet and Toxic Wattes 

Incineration, in'addition to befing used for volume reduction and energy rccovei^, 
can be used t<r dctoxif^^any organic msiterials if the toxicity or the hazardous 
property is due to the chemical structure of the molecule, rather than a property of 
the elemenu it comainii, A larg* number of compounds of nominal toxicity are- 
thus amenable to thermal destruction. Pesticides, which have been withdfawn from 
use or have b^ome obsolete, and co^mponents of hazardous industrial wastes fall 
into this category, 'ihermar destruction of such materials is an extremely complex ^ 
process,' and little is known about the mechanisms of this, disposal technique.^ 

However, the following general conclusions can be drawn from the ejyperience 
gaiiie^ so f|ir with [pesticide incinerati^^ ^ 

• Most pcsticideJf Can bc destroyed by incineration with over 99.99% of the :^ 
liaive ingrcdic'nt detoxified. ■ ■ " - ^ 
>-kJ ♦ The ino«t impoirtaint, operating Variables are temperature and retention time in 
I • ;vthe:co?llbu«tiqj><:hanibcr. , 

/fc.;Ccriain conventional «^be potential for incinferating pesticides 

^ iif ||d«;quate retention tinjfile» at the appropriate tcmp><rature«:ian be obtained 




• ResicUirs left from the inciiuM aiioii of fortuulaiions wiili itictt l>iTi(lris and 
neis, geileial^y coiUdM\ vciy low levels ol pesiHules, < less ihan 20 |>)hu. 

• Incineration of organoniirogen pesticides can .ji^en<;raio incasui able quaiuities 
'^f cyanide (CAT ) at lemperaiuies tested (650 1,050^1). 

• Odor can be a potential operational piobhrni. paiip^^ularly with organosulfiir 
pesticide incuieiatio|i. ^ i 

Temperatures and retention (dwell) time requirements for pesf^ideiinV ineration 
are j^enerally higher than for hydrocarbons in conventional afterburners, as shown 
in Attachment 15-3 (5). Zone A represents operating conditions where less than * 
99.99% destruction may result, ^hei-eas conditions in Zone B are anticipated to 
yield greater than 99.99% destruction^ In the operating /one. the acceptable range 
for excess air is estimated at 80 to 160%. * 

Since smaller quantities of pesticides and other toxic materials will inevitably 
esApe any type of combustion ar^d air pollution control system, environmental con 
siderations must-beiemphasized when pesticide incinerators are sited and sized. 

All types of incinerators are not compatible with disposal of all classes ^Qf_. .„ 
Jpesticidts. While requirements for combustion of certain classes of pesticides are 
reacfily achieved by many incinerators, other classes require extreme conditions 
which necessitat^ custom designs with sophisticated operating and monitoring , ' ' ' 
projprams. *^ . ^ 

The serious environmental contamination of a KepK)ne manufacturing facility / 
and its eh'VYi^pns near Hopewell, Virginia have increased the efforts to develop ' 
acceptable technologies for the disposal of unwanted pesticides and pesticide- 
cc^taminau^d solid wastes. Work on Kepone has foynd it to be definitely more , 
thermally stable than DDT (7). A comparison of tifie thermal destruction of several 
pesticides is) shown in Attachment l5-4. Any incineration requirements for. jCepone 
should therefore, at a minimum, me^t those for DDT, which h^ve been eiirablished 
at 1,000^ for fwo seconds (8). This ccjuld be accomplishcdi in a system illustrated 
in Attachment 15-5^onBisting of a rotary^lcilrt pyrolyzer, followed by a fume ^ 
incinerator (afterburner) and a scrubber. Pestruction efficiencies in excess of 
99.999% were achieved in su^h a device capable of maximum feed rates of approx- 
imately 100 Ib/hr (7). 

- . " , ' / 

Incineration of PCBs . . ' 

Polychlorinilted biphcnyls (PCB) are jpxtremely strfble^nd^ persistent synthetic com- 
pounds which have been found to be dangerous toprftain species and ecosystems. 
Studies have been undertaken to^establish the cfUeria {or thermal destruction of 
PGBs and related compounds (9). It was found that PCBs are more stable ther- 
mally than Mirex-^-a very stable pesticide, as show^ in Attachment 15-4* When 
exposed to a very high temperature (1,000^ for one second air), PCB destruc- 
tioi) of greater than 99.995% can be achieved. Under then^l stress, PCBs can 
deconipiQse to lower molecular weight^roducts which ^ere nO^ identifietl in this 
study (9). Compounds^rclated to PCB's exhibit similar thermal destruction behavior 
as PCB mixtures. \ " 
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Watte Propellanu, Exploeives, and Pyrotechnics ^ 

Incineration appears, for the foreseeable future at least, to be the primary accept * 
able destruction method for waste ordnance and projM-llants, explosives. ai)d 
Pyrotechnics (PEP) materials. I he method of .feeding the ordnance and FKl» to an 
incinerator for disposal is very important for^safety reasons. In the batch process, 
an even layer of PEP is distributed in the incinerator prior to disposal The con 
tinuous feed rfiethod dilutes the PEP materials \^^lh sand, sawdust. orvMWter. I he 
amount of feed and the dilution ratio is limited by safety considerations. 

A rotary kiln- type incinerator with fire. brick lining (Attachment 15 6) l»as been 
used for disposal of PEP materials which do not detonate. Water slurry of the ^ 
exploeive or propellant is prepared first. Incincratioh of such a slun;)^ has been 
found to be relatively j^it. No. 2 fuel oil is used as auxiliary fuel with incinerator 
fired to l,600°F. The Operating control station is located underground at some , 
j|i8taip£^* from the W area. 

A rotary furnace is similar to the kjin. ej^cept ibM a Ma^^ 
and the r«?fractory lining is omitted, because it cslnnot withstand the detonation of 
even small -caliber ordnance. Control of emissionsi may be achieved with both of ' 
these devices, but is not always practiced. / 
' Fluidizcd bed incineration^ Attachment 15 7) is another method for munition/ 
disposal. A novel feature of«this system is that very low levels of A^O^ emission/ are 
possible by using less than stoichiometric air (about 60% of theoretical) for 
fluiduadon where most of the tombusyon takes place. The remainder of the 
theoretical air. along with approximately 20% excela, is introduced n^ar the top oi 
the bed (10. 11). -: * - \ ' 

■ ■ Very little information is available on the pollutants arising from PEP incinera- 
tion. Small arms ammunition and pryote<^nic items are exp^ted to give off gases, 
metallic fumes, vapors, and j>articulate8 comprised of n^etals and metallic com- 
pounds. Carbon monoxide and nitrogen oxides are the fhost objectionable of the 
gases, while combined oi- elemental iovoA of cadmium, lead, chromium ."mercury, 
silver, and antimony are the most objectionable of the particulate matter. ,. 

Summarf • 

incineration appears to be a serious contender as a means of disposing of 
hazaTdous waste niaterials. There are no uiuveraahy applicable incineration 
xnetfiods available for this purpose, however. Ckreful attention must be paid to the 
physical and cjiemigii) properties of the specificNyaste streams, as well-as their |^m- 
buttion producu. Rotary kilns (cement kilns) may be used to dispose of toxic ?S 
c)iemical wastes because their temperatures are in excf»s' of 2,500*F and they have 
"^onff ftsidcnce times. Gas cleaning equipment must be added where gaseous pro- 
duos are not suitable for direct discharge to the, atmosphere. Safe and 
environmentally-acceo^blc disposal of solid residues (ash) cannbt be overlooked. 
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Attachment 15-5. Kc|K>ne int mcration test system 
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AtUNrhment 15-6. Rotary kiln incinerator 
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Chapter 16 

NO^ Control Theory 

Bsickground 

Emission of nitrogtMi oxides has been a major aii poMulion coniern siiuo tho raily 
1950s when Professor A. J. llaagen Smit presenced a theory ol phoiorheiniral 
srrtog (1). Ahhough the photochemical rearttt>ns are not simple. Professor Haagen-Snnt 
was able to demonstrate that the conditions necessary for smog to develop included 
bright sunshine into an unventilated region containing nitrogen oxides and 
hydrocarbon contaminants in the air. 

Photochemistry is the study of chemical read irons in the ambient air which are 
influenced by the sun, air pollution sources, and meteorology. Attachment 16 1 
illustrates the transient behavior of measurable gases in the Los Angeles air during; 
a day having smog (2). One could predicts the changes of air pollution emissions 
and of solar intensity associated with the time of day. Photochemists have per- 
formed many smog ch&mber experiments (see Attachment 16-2) which have helped 
to refine their theories and have led them to some important conclusions. 

A brief and oversimplified set of photochemical equations for atmospheric smog 
is presented in the Attachment 16-3. Note that in the first equation a high-energy 
photon of solar energy is absorbed by NO2 causing dissociation into NO and O 
(atomic oxygen). Xhe formation of ozone and other unstable, radical products give 
rise to the highly rieactive, oxidant character of smog.. 

Emissions of NOx requir^ control because of photochen^cal participation in pro- 
ducing oxidants. Although very high concentrations of NOx directly haz- 
ardous inside qertain industrial facilities, ambient levels are seldom within 5% of 
the direct health hazard threshold limit. Ambient levels are' of concern because of 
photochemical involvement. 

Nitrogen oxides are produced by natural sources (volcanoes and forest fires), as 
well as by man-made sources. Of the man-made NOx slightly more than half is 
from mobile, vehicular sources, and slightly less than half is from stationary 
sources. * ^ * 

The distribution of NOx emissions from various stationary soUrces is illUstVi^ed 
in Attachment 16-4. Utility boilers account for 42%, internal combustion engines 
provide 22%, industrial boilers contribute 18%. and space heating i? responsible 
for 9%. 

Projections of future NOx emissions are dependent .upon the future energy 
supply, as weir as the amount of NOx emission control which will be applied in the 
future^ Attachment 16-5 provides #set of projefctions which does not assume con- ' 
sidera1l>ly stricter NOx controls in the future. Because of the potential growth in 
NOx emissions and the resulting photochemical smog (ozone). NOx control is 
becoming a major regulatory concern. 

NOx emission factors for a large number of fuel and combustion equipment • 
combinations are tabulated In Attachment 16-6. 

■ ■ . "1* 

" ■ ■ ■ ' . 16-1 



imO^ i'oriiiatioii 

The clominant oxide of niirojfrn whu h is foiinrd in conibusiion piot rssrs is NO 

1 hc NO will ox^i/c to NO2 laiily slowly \u ainhiriu aii. wiili only r)*^^ lypu ally 
"Tmung oxidi/cd to NO2 bAorc W aving the stack (< xccpl for j^as iinbinc and dirsrl 

engines). Other oxides of nitrogen, such as N2O, nitrous oxide; N2i>h nitiogrn 
trioxide; and N2O5. nitrogen pentoxide, are of minor (ons<M|ueme. All the 
nitrogen oxides, when referred to as a group, are called NO^, 

Emissions of NO^ arise from two different methcHis of formation during combus 
tion T4irrmaVrixation^af-nHfOgen in the-oomh«stioi^ air producat the so. called 
•thermal NOx " The NO^ prcniuced by oxidation of the nitr/fgen found in the 
chemical compostlion of the fuel is called 'fuel NO^- 

Formation of '''thermal NOx" ^ 

When ambient air is heated in a combustion chamber to a temperature above 
2800 ^F, part of the nitrogen and oxygeij^will combine to form NO. The classical 
"ZeWovich" chemical model for NO formation assumes high temperature dissocia 
tion of oxygen molecules: ^ 

02^*20 

and nitrogen reactions: » 

0+N2^N0 + N 
N+V2^NO+ 0 

A simplified model used for illustrative purposes is: 

Where the NO formation U cndothermic, i.e., energy is required rather than pro- 
duced. This dimplified model provides the following equation for the rate of pro- 
4uction of NO: 

'^2i9) = Kf(N2>(02)-Kn(NO)'^, 
at 

\ 

where (NO), (N2), and (O2) repre8<yit the respective concentrations at a particular 
instant of time, and where values of Kp and increase considerably with 
temperature. 

'If the appropriate rate equation.is set equal to zero, equilibrium values of NO as 
a function of temperature may be computed. Typical equilibrium values of NO^ 
concentration as a function of temperature are presented in Attachment 16-7. The 
calculation required assumed values for Kp and Kj^ (the forward and reversed reac- 
tion rates, which increase greatly with temperature) and also values for the N2 and 

02 concentrations. 



16-2 



31 7 



Formation of "Furl NOi^" 

NlU OJi^CMl 01 Ult tCM In^ ai null ru N is * WIU ,i MH U 1 1 1 1 i M t i m i i m ,t » ^ t >» I i I M »Si t i» i 1 I .M in... 

Coal may contain in(!Og<Mi fioin 0 f) 10 2 ()'\', I)Y wci^Im. wIickms No U Iik 1 oil may 
(Oiuain (roiii 0 1 H> and No 2 (om.nns appi oxiina(c ly 0 Ol",, 

Whrn furl is burned. 10 10 ()0*';, of ibr mlioj^rn may 1><^ o\idi/cd (o NO ([>) 
I bis traction depends (Uj ib(* amount ol oxy^cn available* alu i tlu* liu l moUiulcs 
decompose If combustiolT/.oiU' is fuel lit b, the Iticl molci ules may ( lac k and 
mut b of nitrogen will form /V2 On the othei band, ii (ombustion /one is lean, 
that is. oxygen is available, more fu< l niiiogen oxides to NO, 

lligh fuel vjolatllily aiidiiiLensivc furl air mixing also in( rrasr the furl nitiogen 
fraction whicb oxidizes to NO. 

(,:banging fuels can be an effective method foi icduiing NOy^, Voi rxampir, one 
might chi^ige from a bigh nitrogen content No. (i fuel oil to No 2 fuel oil. If it is 
available, one might specify a low tiitrogen content No. () fuel oil. The nitrogen 
content is influenced by refining processes, blending, and the original crude stock. 

Changing from coal to oil or oiTto gas usually is controlled by factors such as 
furnace adaptability, fuel availability, and costs. Because of fuel availability, it is 
expected tliat more coal rather than less will be used as boiler fuel in the future, so 
other techniques oMuel NO^ rontrol will be required. 

* 

NOx Control Theory 

The three methods for reducing NO^ are to change the fuel, to modify the com 
bustionWstem, and to treat or clean the flue gas. 

Excess air reduction is an obvious combustion modification control technique, as 
may be keen from the simplified model of "thermal" NOj^ formation. Excess air 
redueti*n is very effective for *Tuel NOx b^^^ause the reduced availability of 
oxjttenr encourages fuel nitrogen to form molecular nitrogen (5). Note that the high 
ch^mijcal reactivity of oxygen with i^uel assures that most of the theoretical oxygen 
wili react with fuel. It is the excess oxygen which reacts with nitrogen. 

Limits on excess oxygen in coal and oil combustion is important, not only for* 
NOx control, but also to limit the conversion of SO2 ^0 SO5. The formation of 
SO5 causes dew point and corrosion problems in furnacesS Because of this fact, oil- 
fired units, which formerly operated with excess air values from 10 to 20% excess 
air (2 to 4% excess O2). typically have been modified to operate at 2 to 5% excess 
air (0.4 to 1% excess O2)' gjis-fired boilers, it appears that a rtninimu^n 
desirable value of excess O2 exists for many units, as shown in Attachment 16-8. As 
the excess air is reduced below this minimum, the temperature increases enough to 
increase the NOx emissions (5). In coal combu^ion, burning with very low values 
of excess oxygen may present operational problems. 

NOx control has be^n achieved by designing for two-stage combustion, as 
illustrated in Attachment 16-9. In the first stage fuel-rich combustion occurs with 
less thah stoichiometric oxygen. Energy is transferred to heat exchange surfaces, 
and the combustion product gases move to the second stage. Excess air is intro- 
duced (lean combustion in thisllfage), so tliat adequate oxygen is available for 
complete combustion. NO^ emi^ions are reduced, partly because NO is not ^ 



vxtiM Xiou pMoi lo Iran ( oinhiisdon, whi( h icsvilts ii» lown p<Mk triii|)< i aiiiirs ilian 
would «M t vii iiiuin iioiin.il i oinhvisnoii Two sia^r (oiiiWusHon iiiav 1><- .ipp'" '' 
through u.s<' of ovrHiiT an pons, as shown ii» Att.u hiurut 1(> 10. oi (hiou^h huinn 
irdrMgn. In each caw lh<- lurl and aii dclivcTy the , oniln.st khi 7<>nr is (h's>i^nr<l 
to delay the mixing of tkw w'condaiy aii 

As previously indicatctf. the other significant fuiUlanuMital t t)ncept in NO^ ton 
trol is to Hmit the maximum comhustion temjxTaturr. I his effectively limits tfie 
value of the forward reaction rate ct>efficient . A,,. For teiniHM atures above 2.H0()'^K. 
the value of itp is said to esseiltially double for each additional 70 ^'F ti-mp*'ramTr 
increase. 

One should note that in most combustion equipment, the combustion reactions 
occur so quickly that equilibrium behavior associated with a peak temperature is 
not achieved. Typically, less NO is formed than would be expected for a given 
peak temperature. However, the combustion gases cool down so rapidly that the 
NO formed docs not dissociate but is said to "freeze" and be emitted with the flue 
gases. 

One method for reducing the maximum combustion temperature is to eliminate 
the development of "hot spots" in the c<fmbu8tion gases. These arc locations where 
very rapid mixing of fuel and air occur. By slowing the mixing or swirl of gases, a 
more uniform flame temperature may result and lower NO^ will be fopned. 

The type of firingMesign of the furnace also influences the fuel/air mixing, the 
proximity of the flames to the heat cxchangie surface, and the influence of combus 
tion energy jfrom one burner on an adjacent burner. 

Cyclone furnaces u!>cd for coal combustion have the largest uncontrolled NO^ 
emissions. Front wall (horizontal) and opposed wall furnaces have somewhat less, 
and tangential -fired furnaces have considerably Itss emissions, as illustrated in 
Attachment 16-11. 

Flue gas recirculation is a technique for lowering the peak temperature, as 
illustrated in Attachment 16-12. Flue gas acts as a heat sink. It also acts to slow the 
rate of combusuon. by reducing the frequency of successful oxidation collisions 
between the fuel and oxygen molecules. Proper heat exchange design is required to 
prevent a considerable loos of efficiency due to the lower combustion temperatures. 

Reducing the rate of combustion by reducing the fuel rate or load also will 
reduce the peak temperatures and NO^ emissions. The load reduction may be 
^achieved by energy cqnscrvation (lower demand) or by installing or using additional 
combustion units. The effect of load reduction is shown in Attachment 16 15. 

Scheduling fn^juent soot blowing will provide cleaner heat exchange surfaces 
around the flame ind thereby will limit the peak combustion temperature. 

Water injection, as shown in Attachment 16 14, is an accepted NOx control 
technique for use in stationary gas turbines. Water a^ts as a heat sink, sintilar to 
the water injection which was used in supercharged aircraft engiftes in the 1940s 
(to provide controlled combustion witH increased power). Water injiection in piston 
engines was terminated with the adoption of tetraethyl lead as a mbre convenient 
heat sink> material. 



Dry lliio f^as (rranurut wilh gasrs lioin 100 lo VOO'I* is usrd wiilrly in Japan (or 
NOy condol in oil and ^as luina(rs (7) This irc hni(jii<' i(^|unrs a irdiKnii; 
alniosphcir (ivpii ally wiili .nmnoni.i injri lion) M\i\ a ( .ualvM I )( vrl<)puwMual woik 
is un(i<M\vav to apply ihis romcjx lo ihr pai (iculau^ and .VOo l<^drn j^j.is sin ains 
iitHn (oal coin bust ion. li ammonia is injcdcd as [\\c i oinhusiion gasrs irarh (he 
conv<H tion zone ol a lar^* boiln . up to 70% /V(^ y "<'tlu( lion ( an he deMnonsn a(rd 
(5). Howrvci . ihr (onvrrtion /one trmpnauiir uuisi br (onnolird ( airlully to 
around I.300^K, as illustrated in AttaibuuMit |() If). 

Wet flue gas techniques involve a strong oxidant, sm h as o/one or chloiiiu- 
dioxide to convert 1^0 To NU2 2Ln^ 7V2O Tdir sul>se^^^^^^^ by a. st rubbing 

suhuion, I hcsc scrubbers are operated ut 100 lo 120^1*. the same opciating 
temperature for SO^ scrubbers. This technique is very expensive, because ol the 
cost of chlorine dioxide and ozone, in addition to the cost of disposing of the 
chlorine containing discharges. However, hope is expressed for the possibility of this 
'technique being effective for controlling ^^A' '^^x^ ^^'^^^ particulates from coal^ 
fired power plants. 

Fluidized Bed Combustion 

A non -traditional combustion scheme is that of fluidi/ed bed combuMion. It 
appears promising for future NOx applications, mainly because combustion 
'occurs with low temperatures and because 50;^ control can be achieved also (5). 
Various fluidized bed applicafttnis are being demonstrated, sucl/as for: 

1. Solid waste and sewage sludge incineration; 

2. Hog fuel combustion; 

3. Coal in a utility boiler (30 MW electricity by Monongahela Power Co., 
Rivesville. West Virginis^; and 

4. Coal in a similar fired industrial boiler (100.000 lb. steam/hr. by Georgetown 
University. Alexandria, VA). 
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Attachment 16-2. Experimental smog chamber data with propylene, 

NO, and NO2 in air2 
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N02+ht' -JVO + O 
0*02* M -0^*kl 

O + hydrocmrbom -stnbU producU + rmdtitkls 
O J + hydrocmrbom -simbU prod%tcU + radicals 
• ttmdicmh \4tydrocmrbons - ttmble prxtducU + radicals 
RmdicmU * NO- tmdicmlt + NO^' 
KmdicmU * N02->*mbU producU 
RmdicmU * rmdicmU -stmbU producU 
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Attachment 16-6. EmiMion factors for utility lH>ilcrs, I974'> 
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^Coal, wci houom 



Gal 



Coal, dry Iwilom 



Ci>al, wei bouom 



Oil 



Gas 



Coal, dry botlom 



Coal, wet bottom 



Oil 



Coal 



Coal 



Bhuiniiums 



Lign ite 



Bituminous 



Lignite 



Dutillate 



Residual 



Bituminous 



ite 



Bituminous 



Ite 



Distillate 



Residual 



Aothracite 



Bitummous 



Lignite 



itummous 



Ite 



Diitillate 



Residual 



Fuel 
usage 

lO'^ Btu 



4140 66 



41.72 



1086 57 



867.55 



1229.22 



IL97 



548.06 



16.12 



55,08 



792.40 



1578.25 



1229,22 



IL97 



540.25 



14.52 



55.08 



792.40 



94.22 



29.86 



578.85 



2.99 
1020.62 



12.64 



2.92 



55.55 



151.98 



56.60 



F mission 
factors 

lb NOj/IO* Btu 



J) 64 _ 
0 64 
()".557 



0 5r>2, 



0.7f> 



0.88 



1 25 



0.88 



0 75 



0.75 



0.70 



0.75 



0.88 



1.25 



0.88 



0.75 



0.70 



0.75 



0.75 



0.75 
T55" 



0.88 



0.75 



0.75 



0.57 



0.57 
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Ailachiiiciit 16-6 (cont'd). Kmissioii factors for indiistrial Imilcrs, 



F.quipmrnt 



Firltl net ted 
walnliibr boilcis 
^ 100 H 10*^ Biu hr 



Firinf( (y|K* 




Fuel 


Furl ty|>c 


Furl 
usage 
10*^ Btu 


Fniipaion fat tor 

lb NO^/IO*^ Btu 




c:oal 




H I VZ 


oyl) 


I'angriuia! filing 


Oil 


R<\M(1ii al 


•127 56 


0 VV! 






Natinal 


V)\ 17 , 


0 HOI 




1*1 (M CM 




0.230 




doal, diy bottom . 


^ — — 




0 7f>0 


liorizoiually 


t'oal. wn bottom 




8 48 


1-250 


opposrti wall firintf 


Oil 


Residual 


414.67 


0.573 




Nacuial 


462.61 


0.301 




PnKess 


li!!i.74 


0.230 




('oal. diy bollom 




42 40 


0.750 


From wall filing 


(^oal, vyt bottom 




• 8.48 


1 250 


Oil 


Residual 


414 67 


0.573 




* 


Natural 


.HIS. 64 


0.301 




Pioicss 


95 92 


0.230 


Vertical firing 


Coal, dry bottom 




9.36 


0.750 


Cyclone 


Coal, wet ^bottom 




61.83 


1.660 


Oil 


Residual 


.. 35,21 


0 573 




Oil 


Distillate 


58.61 


0.150 


Wall firing 


Residual 


292.77 


0 429 


Gas 


Natural 


806.41 


0430 




Process 


5.7.14 


0 230 


Spreader 


Coal 




768.80 


0.417 


UAclerfeed 


Coal 




435.28 


0.417 


Ov^rfe^d 


Coal 




209.16 


0,625 


Gerteril. 
not classified 


Coal 




101.75 


0.417 



F^ield erected 
watertube boileis 
10 100 X 10^ Btu/hr 

•Field-erecied 
welter tube boilers - 
stokers 




Attachment \i^6 (cont'd). Kmis«ion factors for industrial lM>ilcrs, 



EquipoMmt typr 


Firing inwr 


Fuel 


Fuel type 

, -Jh^ 


Fuel 

UMRT 

10'* Biu 

■ - 


F.missitin (actor 
lb NO^/10* Biu 

_ 


Pji( kagrd waicrtubr 
l>rnl lube 
•traighi lubr 
(obsolete) 




Coal 




0.750 




Oil 

A 


l)iti(illjlr 
-^\' — ' - — ■ * 
RcsKlual 


" I4(» 81 
788.44 


0 157 
0.429 


Wall firifig 




Naiu^nl 


2f>3r) 75 


0 250 




132 4^ 


0 250 


Packagrtl wmcrtubr 


Spreader- 


(.oal 




565.91 


0.417 

» X — ml — ■ 


Ltntierfml 


Coal 


1 


' ^67 60 


1 0 417 


Overfeed 


QniI 




90 4& 


0.625 


General, 
IKH (ianified 


(.oal 




. . . . .... 


0 417 

■ — — < 


PackaKrd firetubr 
•coich 


Wsll ririnir 


Oil 


DisUllate 


146 81 


0. 157 


Residual 


755 15 


0^.429 


Ga« 


Natural 


802.60 


0 250 


Process 


18.% 


0.250 


Packaged firrtub^ 
ftrrboi 


Wall firing 


Oil 


DtatitUie 


56.45 


0.157 


Residual 


290 52 


0.429 


Gai 


Natural 


695.25 


0,250 


Process 


18.96 


0.250 


Packaged firrtubc 
firebox stoker 


Spreader 


Coal 




16 96 


0.417 ^ 


Underfeed 


Coal 




84.80 


0.417 


Overfeed 


Coal 





11.51 


0.625 


Packaged ftretub^ 
HRT 


^Wall firing 


Oil 


Distillate i. 


28.25 


0.157 


Rcaidvt4(f 


152.79^ 


0.429 


Gas 




564.82 


0.250 


Packaged firetube 
HRT troker 


Spreader 


Coal 




8.48 


0.417 


Underfeed 


Coal 






0.417 


Overfeed 


Coal 




5.65 


0.625 



"A. 

? 

\ 



P 
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% 



E4]^iipmrnt type 

/' 


Firing type 


Fuel 


Fnrl ty|>r 


Fuel 
usage 
10'^ Btu 


F.ntission factor 
lb NOg/lO* Btu 


Packaged firetuhc 


Wall firing 


1.^11 


Distillair 


516 65 


0.157 


R<*sidual 


516.65 


0.430 


Gas 




655.41 


0.230 


Packaged firrtubc 
firebox 


Wall firing 




Distillate 


5)6.65 


0 157 


Residual 


5i6.65 


^ 0.430 


Gas 




656.41 


0.230 


Packaged firelube 
firebox, stoker 


Ail categories ^■ 


Coal 




165.72 


0.417 


Packaged firelube 
HRT 


Wail firing 




Distillate 


258.33 


0.157 


Residual 


258.35 


0.430 


Gas 




327.71 


0.230 


Packaged firetube 
HRT, stoker 


All categories 


Coal 




82.86 


0.417 


Packaged firetube, 
general, not 
classified 


Wall firing 




Distillate 


86.91 


0.157 


Residual 


79.91 


0.430 


Gas 




109.24 


0.103 


Stoker and hand fire 


Coal 




18.41 


0.25 


Packaged cast 
iron boilers 


Wall firing 


Oil 


Distillate 


258:53 


0.157 ' 


Residual 


258.53 


0.430 


Gas 




409. 6d 


,0.120 


Packaged watertube 

coil 


Wall firing 


Oil 


Distillate 


,28.01 


0.157 


Residual 


34.28 


0.430 


Gas 




43.69 


0.105 


Packaged wAtcrtube 
firebox >^ 


Wall firing 


Oil 


Distillate 


,16.85 


0.157 . 


Residual 


22.94 . 


0.450 


Gas 




18.21 


0.105 


Packaged watertube 
general, not - 
.classified 


Wall firing / 


Oil 


Distillate 


28.01 


0.157 


Residual 


M.28 


0.430 


Gas 




. 43.69 


0.1Q5 



f 
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Attachment 16-6 (cont'd). Emission factors for residential units. 1974'> 



Equipfnmt type 

y 


Firing type 


Fuel 


Fuel type 


Fuel 
usage 
10'^ Btu 


Emisaion factor 
lb NOg/10^ Btu 


Steam or hot 
water heaten 


Single burner 


Oil 


Disiillate 


1207.49 


0.128 


Gas 




1000.11 


0.082 


\\oi air furnace* 


Single burner 


Oil 


Distillate 


1551. 9S 


O.VIS 


Gas ^ 




2929.80 


0.082 


Floor, wall, or 
pipelew heatcra 


Single burner 


Oil 


Distillate 


199.11 


0.128 


Gas 




675.04 


0.082 


Room heater 
with flue 


Single burner 


Oil 


Distillate 


298.67 


0.128 


Gas 




- 700.06 


0.082 


Room heater 
without flue 


Single burner 

u> 


Oil 


Distillate 


^ 190.79 


0,082 



Attachment 16-6 (cont'd). Emitoion factors for various engines, 19745 



Eqnipncnt type 

C 


Firing type 


Fuel 


Fuel 
wage 


Fmirrf"" factor 
lb NO^/IO* Btu 


Reciprocating 
engina 


Spark ignition 


Gas 


1007.7S 


4.40 


t&»el >5dblip 


OU 




4.16 


Diewl <500 hp 






, S.4l 


Dual 


51.01 


2.91 


Gm turbines 




Cat 


608.86 


0.45 


OU 


285.64 


0.85 
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temperature ior oil and gas firing^ 




Attachment 16-8. l-.ltccl ot excess oxygen, luci, anu njuipinn 

nitrogen oxides emissions^ 



(Sinxlr Mnt* for witrr-tubr boilrr»: •h««!«i »rf»u 
rrprcarnt all fitx^^vbr boilrn) 




Co«l fuel 



0 2 4 6 8 10 12 14 




/iiiai titiii 111 iu-:>. iSi>)^ v?». tiiit>ii'Uiai an , wiiii tivi i&iii an * 



z 



SOO 



250 



200 




100 



1 


1 




□ - 




NSPS 




CP 










□ ^ 












□ 


o 


□ 


□ 






A 


o 




A o 




□ 


o /f^ 


1 


i 1 







80 90 100 no 120 

Theoretical air-to-fuel firing zone, %. 



ISO 



Alabama Fowci Co. 
Barry #2 
\\ load 



(x>lumbia #1 
Full load 



Huntington #2 
Full load 



^4- 
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/%iiai tiiticiii %.^kikkKi' iii^i*^v>... c < 

combustion system^* 




1 1 reel oil boilor^i^^ • 




I 



^ Attachment 16-12. Fffcct of F(iR on NO omissions from 

H tanj(cntially-firct1 gas iMrilcrs'*. ^ 
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• reduction for an oil, waU-fired utility boiler'' 



\ 



a 



5 

I 



500 



406 



900 



200 



100 



1 r 



200 



1 



Original 
firing mcthml 




Two stagr 
combustion 



Two stage 
combustion 
plus gas 
) recirculation 
through 
burners 



/400 ' >>00 
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Attachment 16-14. NOx emissions with water injection vate for 

natiir^l ffas-fired gas turbines'* 

f 

80 T — ■ • 




1 I I I I Ti » 

0 ' 0.4 0.» 1.2 1.6 fc^-^ 2.4 



% WttcT injected <96 of combuMion »ir) 




Attachment 16-15. Effect of temperature on reducing NO 

with ammonia-^ 
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Improved Pertormance by Combustion 

Modification 



IN I ROniJC I ION 

Fliol to th«' mid \^)M)s the m.iiii rmpliasis loi pi ovt iit ivf maiiitciiaii* c t<>) mmi 
(oiiilmstion equipineiit was to assiiir safe opciatioii and lo pirvnit niajoi daiua^r 
whiclf could K-sult in rtxstly repairs and loss of srrvirr. An annual boiler inspedion 
was requivetl typically by the uisurantc eoinp.xny. 

With the eiitoreenient of air pollution emission regulations, preventive 
maintenance gained importance. Considerably increased fuel costs since the 
"energy crisis of 1973 " -liave provided an increasing emphasis on con.scious 
maintenance necessary to pre.serve high boiler efficiencies (1). 

Klficieiicy related ^maintenance of combustion equipment is directed toward ( or 
reeling conditions which may increase fuel utilization. Among these conditions are 
high stack gas temperatures, elevated combustible content in ash, high excess air. 
and other ^actofs Involving heat loss. 

rhis chapter will describe the maintenance and adjustments lecomniended by 
EPA for reducing air pollutants and improving thermal efficiencies jpr residential, 
commercial, and industrial combustion units. In addition, examples of the - . 
influei|ce of various combustion design modifications for industrial and utility 
boilers will be c^scussed. 

Residtential QflVB^irner Maintenance and Adjijrf^inents 

Residential and cOnimercial oil combustion units, with proper maintenance and 
adjustment, can achieve improved thermal efficiency and minimized smoke, par 
ticuJate, CO, and hydrocarbon emissions (2). 

AhWal maintenance. should be performed by a skilled technician. Among the 
items recommended is the .annual nozzle replacement. As the nozzle typically is 
made of brass, slight wear can cause a change in tHfe^pray pattern and droplet for 
matioii. Combustiori deposits or other foreign materials also will cause poor 
atomization. The replacement nozzle should be that recommended by the 
manufacturer. An oversize nozzle coulcl cause short cycling; lower efficiency and 
higher air pollution emissions would probably result. . f 

Dirt and lint should be cleaned from the blast tube, housing, and blower wheel. 
If any air leaks into the combustion chamber ajre found, they should be sealed. 
The electrodes should be adjusted for proper, iginition, and {he oil pump pressure 
should be set to the manufacturer's specifications if necessary. 
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C02 pl<>< ion the j^ivcM installation ran he obtained ('>{i)< i imcin ally, iisin^ (lillcicni 
senings ol tho aii gate (2). Among llw ((juipnuMU i( (|nii( d is a ilialt k-'^'K*" 
used in adjusting th<»*l)aronu'tri( dialt icgid.uor to ilw inaiiulartui < i s 
m ommended vaKir, a Ha< kaia( h smoke irstri . and an Oi sal oi Kyiitc ap|>.»i at ns 
for measuring CO2 the flue gases. 

An example of the. above mentioned plot is given in Attarhnu nt 17 1. Note tlw 
"knee" of the curve is where the smoke number begins to rise shyrply. 1 be an set ^ 
ling should be adjusted for a C02'\cvc\ from 0.5 to 1.0% lower than the level at 
the "knee." This will provide reasonable, assurance that the unit can operate pro 
perly, without smoke, under normal operational lluetnations of fuel, air pressure, 
air temperature, etc. 

The results of the adjustment should be compared with the appropriate standard 
values in Attachment 17 2. The smoke level should not be greater than No. 2 and 
the CO2 level not jess than the table value. Deviation can be caused by air leakage 
into the combustion chamber\or by poor air fuel mixing. Changing the nozzle to 
one with different spray angle and pattern may result in better performance. 

Next the stack temperature, under steady operation, should be measured. I he 
net stack temperature can be computed by subtracting the room air temperature 
from the thermometer reading. This value can be compared with those shown in 
Attachment 17 3. Excessive slack loss is indicated if the net stack temperature 
exceeds 400 to 600 °F for matched-package units or 600 to 700 °F for cbnversion 
burners. Stack loss may result from operating the unit at an excessive firing rate 
which will generate more heat than the heat exchanger can utijize. \ 

Commercial Oil-Fir<»d Boiler Adjustments ^ -* 

The EPA recommended mainte'nance for commercial oil-fired boilers (3) is almost 
the'same as for residential units. The skilled^ technician should confirm that the oil 
temperature or viscosity range is suitable for the installation. Typical viscosity 
values are givei? in Attachment 17 4. In some cases, the technician may determine 
if the combustion is cycling too rapidly for the fuel being burned. For example. 
No. 6 fuel oil cannot burn completely in a rapidly cycling installation due to the 
cool condition of the refractory wall. A switch to No. 2 oil usually is suggested. 
/'the recommended adjustment procedure, like that for residential burners, 
involves taking smoke and CO2 data for various air settings with {he fuel at the full 
firing rate. A characteristic plot is found in Attachment 17 5. After the "knee" of 
the curye has been identified, the air setting should be adjusted to where the CO2 
level is about 0.5f% lower than the "knee" value. 

The smoke level at the above adjustment should be below the "maxifrium 
desirable" shown in Attachment 17 6, with a CO2 level at 12% or higher. If not, it 
is likely that the atontization and/or the fuel-air mixing are poor. Tht trouble may 
be with an improper or dirty nozzle, the atomizing pressure or temperature, or the 
air handling parts. ; . 

For modulating i)urners, the above procedure should be repeated at low-fire and 
imermediat^-fire settings. Typically, the optimum air setting at low fire will be at 
lower (7O2 than at the high-fire condition. 



If ihr boilcM is <'(]iti|>|)r(l foi ^as liint^, th<- s.iinr pi om^Iui c- shonlcl he iisc<l 
Notr, howf^'CM . tluU foi \hr sanu- r\( r*ss ,m! . th(^ ^ ^ lc\cl vvill Ix* lowri witli 1l;js 

check ihv CO iradiii]^. ll should hr hrlow (he i r( oinuKMuhMl lOO ppin as ( an 
ho rmiiicd Iroiii vfas units v\v\\ witlioiii smoke • 

Industiial Roilei Mainiriiaiu c and AdjusinuMW 

Indu^iial boilers, with proper iiiainienanve and adjnsinu n( ioi operation at lowest 
practical excess oxygen level, can ac hieve improved oveiall theimal < flu lency aiul 
reduceci NO^ emiji^n(is- ^ 

Thermal eflicyncy reppiovemeni with lowering (*xcess aii is shown m Attai hment 
17 8. I he !nipri>v<^^ej^cieiu y results from the fact (hat less flue gas is available to 
carr)%energy loss out the stack. Hc^wevei, as excess oxygen is icduced m coaJ and 
oil fired industrial units, a^' smoke liniii" or "minimum O2 loveT* is reac hed where 
the unit begins to smoke. I bis is illustrated in Attachment 17 9 

Similarly for a natural gas fired unit, as excess oxygen is reduced, the CO emis 
sions rise (see Attachmenl^ '^itf^- I . <^ **('0 limit ' or "miniirmm Oo level" 

has been recommended corrcSjfcnding to '400 ppni CO. 

The EPA has published a recommended step By .^ep adjustiueni procedure to 
piovide for the low excess oxygen operation of existing ii^dustrial si/ed cbmbustion 
units (4). The main differences betweert this procedure and those for residential 
and commercial units Jias to do with size and equipment features, including the 
instrumentation available and the sophistication of the combustion control system. 
Because of the large geometries, the location of the sampling site is important hi 
order to obtain a representative sample. Boiler load characteristics typically 
require operation with considerable burner modulation. Among the instruments 
often available are continuous monitors for excess O2 and CO2, CO, NOx,^ 
opacity, and stack temperature. y ^ 

The ''minimum O2 level" determined for an existing ui^it should be compared 
with typical values given in i\ttachment 17-11 . A value wliich is higher than the 
r?mge shown may result from 'burner malfunctions or othdivfuel or equipment 
related problems. Note also that many burners will exhibit higher "minimum O2 ' 
at lower firing rates. 

The recommended operational value for excess air is called the "lowest practical 
excess air/' a value 0.5 to 2.0% greater than the minimum excess air described 
above. The extra excess air is required to" Accommodate operating variables at a 
particular installation, such as variation in fuel properties, Tapid burner moduIa< 
tioh, variation in ambient conditions, and '*play" in automatic controls. Changes in 
air flow rate resulting frorti barometric pressure changes may be accommodated by 
the lowest practical excess air. Other ambient variations, such as changes in 
temperature and wind, may be minimized if the unit is located inside a building. 
Units located outside may require additional exces? air or sophisticated combustion 
control systems (5). ' 

The above-mentioned adjustments procedures for minimizing eXcejisJ air typically 
will improve thermal efficiency atid reduce NOx emissions. However, as was ^ 
discussed in Chapter 16, more extensive design modifications rrtay be required ^or 
considerable A/Ov control. These >*ill be discussed in the next sections. 



Iiu^istrial boHei inanulactui ns ( an adopt iiupoiiaiu ( oimIxjmdm drsign mmhIiIu.. 
lion techniques loi icaucinK NO^^ cinissions Kioni Altai Inncni 17 12. one may 
(omlutlo that A/Ox t'"nssions ihpeiul on the lucl, the ^oss an. ami the drsi^n ol 
the paiiitulai installation. 

In general. NOx emissions ironi foal. t hai ai teri/ed mainly by fuel /V(>x. <>«e 
very sensitive excess oxygen. The NO^ Irom fuel oil is sensitive to ex« ess oxygen, 
but less so than coal, because of the lower nitrogen in oil. I he NO^ ewrissions Irom 
natural gas. characterized as thermal NO^. are typically lower than for coal oi oil. 
This is due to very low nitrogen content of gas and because burning is more 
uniform with fewer hot spots. Note in Atti^^hment 17 12 that some gas fired units 
may "show an increase of NO^ with decreasing excess oxygen. Ihis is because of the 
increasing combustion temperatures. 

Staged combustion has been demonstrated as an effective combustion modifica 
tion technique for NO;^ control of an oil or gas fired 40,000 Ib/hr water tube 
boiler (see Attachment 17 13). Burners were operated on less than stoichiometric 
air, with the balance of the air being provided through special NO^ ports. I he 
corresponding NOx control for gas and oil firing is shown in Attachments 17 14 
and 17 15. The location and air velocity in the NOx po^^^^ influence the degree of 
NOx control, as it is possible to create hot spots with rapid air injection. Note in 
Attachment 17 16. however, that thermal efficiency is usually reduced with this 
technique. . 

Reduced combustion air temperature has been shown to be effective for NOx 
control on three water tube boilers burning gas and/or No. 6 fuel oil. This is 
shown in AttachraVnt 17 17. Note, however, that reduced air preheat is effective 
for coal combustioiJ only if high excess air is used, as illustrated in Attachment 
17-18. Generally, lower thermal efficiency occurs with reduced combustion air 
preheat since energy recovery devices are not used, as illustrated in Attachment 
17 19. 

Flue gas recircul ition, FGR, is an effective technique for NOx control in 
industrial boilers, Particularly for those using natural gas (9, 10). As more flue gas 

NOx control effect becomes greater, as illustrated in Attach , 

that the effects appear to be dependent on the particular com 

design: The recirculated flue gases may be delivered with the 

primary air, the secondary air, or the total air. It may be possible to obtain some 
improved thermal efficiency with flue gas recirculation; but this is probably not a 
cost effective method of NOx control. 

Utility Boiler Ck>mbu8tion Modification 

NOx control effectiveness for utility boiler depends on furnace design 
charaeteristics (geometry and x>perational flexibility), fuel-air handling systems, 
automatic controls, and the opeVational problems that result from combustion 
modifications (11). ModTifications are limited by the emission of other pollutants 
(CO, smoke, and carbon in flyash). the onset of slagging and fouling, and flame 
stability problems. ^ , . 

... , .. 17-4- ■'^ 
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Drpenjlifig on i\\v NO^ rinission limits io hv irat hrd, < oinhiistion iiuxiitic aii<>i^ 

lowcMniig cxrcjws an through a^ijustiiunt ot huiiiri sotiings aiul an distiihution 
Second^ scK)t blowing frequency should be increased to in^prove flame heat 
transfer. This will lower the maximum (omhustion (cmi)eiature Next, (onsidei 
implementing two stage combustion through bunu\t biased firing oi burner out ol 
service. The (inal stagt* would inclutle major retrofit (hanges. such as mcludmg 
overfirc air ports, ilue gas recirculation, and new burneis. 

Gas-fired utility boilers produce only thermal NO which is the easiest to con 
irol by combustion modification. As Attachment 17 21 indicates, larger units tend 
to produce more /VO;^' because of the higher combustion temperature (thermal 
NO^ ). Low excess air is used routinely in gas fired utility boilers for NOx control. 
This reduction, however, depends on furnace design and firing method. Generally, 
a slight increase in thermal efficiency is noted, and flame stability is not a serious 
problem. 

Two-stage combustion with flue gas recirculation, shown in Attachments 17 21 
and 17 22, results in substantial NO^ control for gas fired utility boilers. Overfire 
air, biased firing, and burners out of service are effective designs for achieving off 
stoichiometric combustion. 

Oil-fired utility boilers produce fuel NO^ as an important part of the total NOx 
As expected, low excess air is used routinely in oil-fired burners fo^NOj^ control, 
as welf'as improve thermal efficiency and to reduce the conversion of SO2 to SOj. 
Larger residual oil-fired qnits do. not appear to produce more NOx than smaller 
units, illustrated in Attachment 17 23. This is an indication of the importance of 
fuel NOx opposed to thermal NOx oil-fired units. 

Overfire. air ports, shown in Attachment 17-24, are the accepted technique for 
providing two-stage combustion in wallq|iTed oil burning units. Burn^rs-out-of- • 
service in the upper part of the fjring pattern is used for NO^ control in \5j^ll and 
tangentially fired oil units. The effect of combining two-stage combustion with flue 
gas recirculation is shown in Attachment 17-25. ,NO;^ reductions of 40 to 60% have 
been demonstrated, but this may require de-rating the unit in order to be 
successful. Also with flue gas recirculation, flame stability problems may occur at 
higher burner velocities. i 

Coal burned in utility boilers contains fuel-bound nitrogen, which accounts for 
up to 80% of the NOx emitted by the staclyi Wall-fired burners may obtain 
reduced NOx through modifications such /s low excess air^ staged firing, load 
reduction/ and flue gas recirculation. However, the latter is much less effective with 
coabHring than with oil or gas. 

Tangentially-fired boilers with overfire air emit considerably less NO^ than nor- 
mally o^^rated boilers, as illustratedan Attachment 17-26. Off-stoichiometric firing 
is an effective additional combustion modification for NOx control, as shown in » 
Attachment 17-27. However, fuel-rich burner conditions can produce excessive 

smpke'and CO and flame instability, v 
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buiiunj» (;l coal ConscHjiuMU 1 y . as uuimoncMl iu(:ha|>iei 1(). ^ onsidei al)le k^scmkIi 
is nowyliif^c ted towaid \\\r drvf^lopnxMH ol ade(|uaie /VOy IUh^ ^as liealnKMil. as 
wril as iVal eleaninj^ and f luidi/< (l ^>ed (oal (oinbusnon u i huKpu's 
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Attachment l ypical sinokc-(]02 characteristic plot for a 

ri^idcMitial oil burner^ 
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Auachnicnt 17-2. Typical aid adjustments for 
different tyiH's of rosidcntijil humors^ 



0 







-* < 

Oil-burner iyinr 


Typical CO 
in flue gas 
when tuneil* 


High prcMuir gun ly|>r buriins 

• Old style g\ni burnns 

- No ininnal air handling parts other 
than an end roue and stabilizer 


«% 


• Newer style gun burners 

- special internal air handling parts 


'9 % 


• Flame- retention gun burners 
llanie retention heads 


10 % 


Other types ol burners 




• Atomizing rotary burners 

- ABC, Hayward, etc. 


8 % 


• Rotary wall flame burners 

- limkin, fluid heat, Forridhcet. etc. 


' 12% 


• Miscellaneous low pressure burners 





♦ Based on accpctable Bacharach smoke generally No. 1 or trace, but not exceeding 
Caution should be used in leaving burners with CO2 level higher than 13%. 
See manufacturer's instructions. 
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Attac hment 17*3. Kffoct of slack tcmjK'iatuie and ('(>2 on thoiniai 



a 
it 

C 



c 

V 



85 



80 



75 



70 



65 



60 



55 



50 




8 » 10 11 12 13 14 15 

Percent CO2 ii> flue gas 



* Continuouf operation 

* No. 2 heating oil ^ 

* Heat loat from jacket is assumed 
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Source: Bulletin 42, University of Illinois, Engineering Experiment Station Circulat* Series 44 
(June 1942). 



Attachment 17-4*^U8ual range of firing viscosity^ 



Atomization 
method 


Vifcoflity. 
saybolt seconds 
universal 


Equivalent . 
kinematic 
viscosity, 

centistokes 


PreMurc 
Steam or air 
Rotary 


35 150 SSU 
35 250 SSU 
150 300 SSU' 


4 32 cs 
4-55 cs 
* 32-60 cs 
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AttiuhiiuMU l7-(>. Maxinuiiii dosiiablc smoke 
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Att^mcnt 17-7. CO2 variation with excess air and fuels^ 
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Attac hment 17-5. Sniokr-CX)^ c harac tc ristic loi a typic al c i>niiiic ic iai 

oil lH)ilcr firing residual oil'^ 




Attachment 17-9. I'ypical siiioke-O^ characteristic curves for coal or 

oil-fired industrial Imilers"^ 



t 



I 

o 
B 



Low air (irttiiiKii 
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Curve® 
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Minimum O2 



High air MMfiii|(B 
^ 



Yvni |M>ints 




Appropriate 0|>erating 
margin from minimum O2 



Automatic boiler 
controls adjusted 
to this excess O2 



Percent O2 in flue gas 



Curve 1 — Gradual smokc/02 characteristic 
Curve 2 — Steep tmoke/Og characteristic 
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AtiachiiWiii 17-10. Typical (:()-02 i hat at tci isiit tiiivcs for gas-fiic«l 

iiulustrial hoilcis* 



1 



B 
a 



.S 




Percent O2 in fl\ie gas 



Curve 1— Gradual CO/O2 characteristic 
Curve 2— Steep CO/O2 characteristic 



Attachment 17-11. Variation of minimum O2 with fueH 





Typical range of minimum 




excess O2 at high 


Fuel Type 


firing rates 


Naiuial gas 


0.5 S;0% 


Oil fuels 


2.0 4.0% ^ 


Pulverized coal 


3.0 6.0% 


Coal stoker 


4.0-8.0% 
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Attaclnmiu 17 12. Kfftct of excess oxygen and fuel on 

NOx einiSvSions'^ 



(Single lines for water-tuln' lM>iIer»; » 
shaded areas for (ire-luln' Innlers) 

/ 




0 2 4 6 8 10 12 14 




Attaihmint 17-lH. Schematic diagiuin of staged aii system insialUd 

on a 40,0()0«lb/hi watt i tulH* hoilc r<> 
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(b) Side view 
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AttaihinciK 17-H. Reduction in nitrogen oxides from staj^ecl 
comhustion air, natural ju^as fuel^^ 




90 . 95 100 lOSV no 115 120 



Theoretical air at burner, % of stoichiometric 
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AttarhiiUMTt 17-15. Rcduttion in niin>ii;rn oxides t niissioiui lioin 
stalled (ombustion air. No. () iiiol oiM* 
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Attachment 17-16. Kffo< t of NO^ poi (s on boiU i rll i< it iu y 
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AM;u limciit 17-17. l.llVt t ol M>m»)usti<)ii air trin|M i aiii n on 
tolal.nitioKtMi o\i<lt'S emissions with ^as aiul oil liiris loi 

three watertiilM' hoilers^> 
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achincnt 17-18. NOx control by air preheat rctliulion 



UHH) 



& 5(>0 

d 



0 




0 



500 
Preheat, °F 



1000 



Effect of air preheat at normal exccsw air levels. 



1000 



I 

O 500 

5 



Coil 







1 

r 






Oil _ 






" Gas 







500 
Preheat, "F 



1000 



Effect of air preheat at high excess air. 



17-21 ^ 

w 4i 35i) 



AttachiiuMK 17-19. Kffctt of toiiibustion ah pit lioat adnr oii 
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AttachmctU 17-20. Recliutioii in total intrcn;c n oxide < tnissions 
flue gas recirculation with constant excess aii<> 
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Attachiiu-iu 17-21. NOx <-i"i»si<>i>s f><>'" K*". 
lang»-iitially-fii«-<l utility boiltis" 
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AttadinuMit 17-22. Kffetts <»f NOx control mctluMls on a ^as, 

wall-fircd utility lM»iU'i ** 
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taihinciu 17-2*^- NOx ciiussioiis from residual <>il» 
taiigentially^ircd uiiliiy hoilt rs^ * 
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Attarhmciit 17-21. I wo-stai^o roinhusiion 
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Auachuunt 17-2(k NOx ciiiissions lioiii (an^iMitial, 
coal-fired utility hoilors** 



CM 

o 



U 
H 



Xi 

B 
a 
a 

X 

O 



700 



fiOO 



500 



too 



300 



200 



100 



Normal 4>|M*i;ui<>n 

Top ch vacion noi firing — lU) ovnlirr air 
1 4)j) (Icvacion filing 4)vriliir air 




F.l'A siaiKlai*! 
f4)i m-w < oal ^ 
filtMl lM>il<-is 



52 100 
(80)* 



110 122 *70 206 215 250 250 265 370 375 378 426 485 565 

(395*) 



(167)^ 



(158)* 



Megawatt size (electrical) per furnace 
♦(Reduced rating when top elevation not firing) 



' 17-29 

erJc . 367 



AttachnuMii 17-27. KllVc t ol hiii iior sioic liionu t i > on 
NOx prj|nlii< lion ill lani^oiilial. toal lin e! boilns^* 




Attat hiiirtit 17-28. Piilvri <<>al hui iit r adapt* *! for 

low NOx rnussioiis 
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